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Abstract
ABSTRACT
The Capricorn Orogen, in Western Australia is an east-west trending, complex zone of variably deformed 
and metamorphosed igneous and sedimentary rocks, situated between the Archaean Yilgarn and Pilbara 
Cratons. Multiple tectonic and magmatic events, spanning over one billion years, have formed the 
framework for fluid flow and ore-forming processes. Potential ore deposits may be undercover or have 
been reworked over the evolution of the orogen. Improving the prospectively of the Capricorn Orogen 
requires the integration of regional to micron-scale structural, geochemical and geochronological 
analysis to decipher the complex mineral systems, identify geochemical ‘footprints’ of mineralisation 
and improve the success of exploration targeting and economic potential of the Capricorn Orogen.
This thesis focusses on the primary expression of complex ore deposits and shear zones. The developed 
workflow integrates deposit-scale structural and geological observations, petrographic characterisation of 
samples and targeted geochemical analysis, to constrain the multi-stage fluid evolution and deformation 
in three complex systems. Abra is a buried, sediment-hosted Fe-Pb-Cu-Zn-Ba-Ag-Au sulphide deposit. 
Previous studies come to varied conclusion on the genesis of the deposit and questions remain regarding 
the source of ore fluids and Cu-Au mineralisation. Prairie Downs Zn-Pb-Cu sulphide deposit is hosted 
along a brittle-ductile fault zone. The chemistry and genesis of the deposit has not been studied in detail, 
in the literature. The Chalba Shear Zone is a lithospheric-scale shear zone that has been reworked over 
multiple events. The shear zone has the potential for heat and fluid localisation. 
Mineral compositions can be used to infer metal sources and physico-chemical conditions of precipitation. 
Comparisons between trace element and whole rock compositions at Abra are used to assess chemical 
zonation. Vertical zonation is predominantly influenced by sedimentary facies, redox boundaries and 
temperature change. The Red Zone formed from an oxidising hematite-stable environment enriched in 
Mn, V, Na and U. It is overprinted by low temperature, sedimentary Mn-rich pyrite, barite, chalcopyrite 
and magnetite veins or brecciated by high temperature hydrothermal quartz and galena-chalcopyrite 
mineralisation. The underlying Black Zone is a reducing, sulphide-rich stratiform layer produced by 
low temperature, sedimentary-hydrothermal replacement processes, precipitating pyrite grains that 
are Cu-Pb-Zn-rich but As-poor pyrite. Sandstones in the upper stringer zone have provided an aquifer 
for mixing of moderate to high temperature, reducing fluids precipitating Pb-Zn-Cu-As-Ni-Co-Ag-Au 
enriched pyrite in galena-chalcopyrite-pyrite assemblages. Siltstones in the lower stringer zone are host 
to chalcopyrite-magnetite-pyrite assemblages, disseminated pyrite and chlorite alteration. Moderate 
temperature (~300°C), oxidising, sedimentary fluids precipitate massive Cu-Au-Bi-pyrite with 
chalcopyrite and magnetite, whereas reducing, hydrothermal fluids have enriched disseminated pyrite. 
Low temperature, reducing, sedimentary-hydrothermal fluids produce Fe-Cu vein mineralisation.
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Prairie Downs hosts chlorite and muscovite-rich volcanogenic assemblages in a ductile shear zone 
overprinted by brittle deformation. Chlorite, carbonate, sulphide and hematite trace element compositions 
have been used to infer conditions of ore formation. At Prairie Main Load, an early stage of Au-Sn-
rich sphalerite-galena-chalcopyrite veins precipitated at high temperature (>250°C) by reduction, 
acidification, temperature drop or fluid mixing between magmatic and non-magmatic fluids. Zinc-rich 
chlorites, V-rich hematite, chlorite and carbonate veins at Wolf Prospect precipitated from an acidic, 
low fS2, high fO2 fluid. Later Se-rich sphalerite-galena-barite-bornite assemblages, the latter altered 
to chalcocite, precipitated in a low temperature (<230°C), oxidising, acidic environment. Banded iron 
formation, distal to the Prairie Downs Fault, show similar Zn-Mn enrichment in the host rock and 
chlorite veins, and Au-As-Se-Sb-rich pyrite indicating that the chemical signature of mineralisation 
along the fault is reflected in the surrounding rocks at depth as well as adjacent to the fault. The siting 
and styles of Zn mineralisation along the Prairie Downs Fault indicate volcanic, magmatic, sediment and 
seawater derived fluids. Prairie Downs likely represent a continuum between fault-hosted, volcanogenic 
and intrusion related overprinting fluid system that has evolved with regional tectonics as well as local 
extension and basin formation.
A combination of whole-rock hydrogen and oxygen isotope data and in situ oxygen and sulphur isotope 
data in quartz and sulphide minerals have been used to reconstruct the complex, overprinting fluid 
system at Abra. Whole rock δ18O and δD values reflect the detrital and authigenic minerals, diagenetic-
metamorphic exchange, chlorite and iron oxide alteration and input of surface fluids. In situ δ18O fluid 
compositions in quartz point to the contribution of surface and formation fluids (δ18Of ~-5-9‰) over the 
course of sedimentation, diagenesis and hydrothermal alteration and mineralisation. Galena-chalcopyrite 
mineralisation and alteration associated with disseminated pyrite are formed from a fluid with a similar 
isotopic value interpreted to be formation fluids. Assemblages with hematite appear to be precipitated 
from fluids that are a mix between the isotopically heavier formation fluid and lighter surface fluids. 
Sulphur isotope values indicate a consistent reduced seawater sulphate source in all samples analysed 
indicating that metal-rich fluids have precipitated sulphide upon interaction with reduced sulphate in 
the host rock.
Geochemistry should be interpreted in the context of structural and petrological observations. Large 
scale structures in the Capricorn Orogen are prominent targets for mineral exploration because of the 
potential to localise ore fluids. Therefore, it is essential to define and characterise structural styles, 
deformation processes, and localisation of heat and strain. Field-scale structural and kinematic analysis 
integrated with P-T modelling and petrochronological data has defined the structural and metamorphic 
history of the lithospheric scale Chalba Shear Zone in the Gascoyne Province of the Capricorn Orogen. 
Strike-slip dextral shearing post-dates peak metamorphism (>640°C, 3-4 kbars) which produced 
monazite and xenotime at ~1030 Ma, linking metamorphism to the Edmundian Orogeny. Younger 
age populations (~920 Ma), later fibrolite growth (~600°C), and ilmenite along S2 fabric, >530°C, 
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indicate peak metamorphism at the start of the Edmundian Orogeny is followed by cooling and high 
strain deformation, empirically linked to later Edmundian regional events. Localisation of heat and 
deformation in the Chalba Shear zone is mirrored by other shear zones in the Gascoyne Province and 
may indicate that these areas are prospective for high-temperature mineralisation.
The work in this thesis has highlighted several aspects of deformation and ore deposition that may be 
useful for the detection of hidden or undiscovered deposits. At Abra, the Irregully Formation siltstones 
are identified as a source of Pb, Zn and trace element rich pyrite, whereas the coarse sandstones of the 
Kiangi Creek Formation may have been an aquifer for ore fluids and the oxidised jaspilite-chert Red 
Zone, a trap. Similar sedimentary facies should be targeted along the E-W bounding faults in the Edmund 
Basin to determine whether similar settings are also mineralised. Decreased whole rock δ18O values at 
Abra may also be used as a tool for exploration. Antimony is enriched in many of the sulphide minerals 
analysed and is associated with galena. It should be targeted in non-sulphide minerals around the deposit 
to determine whether it may be useful as a pathfinder element for similar deposits. Furthermore, strong 
correlations between Sb and Au put forward Sb as a potential Au pathfinder. Chlorite and carbonate 
compositions at Prairie Downs reflect base-metal sulphide compositions indicating that their trace 
element content can be used as a geochemical footprint of mineralisation. The regional setting of the 
Prairie Downs Fault and unique sediments in the hanging wall indicate the deposit may have formed in a 
fault jog or relay. These structural settings focus fluid flow and should be targeted for Zn-mineralisation 
next to Fortescue Formation host rocks. Finally, structures reworked by the Edmundian Orogeny have 
localised high temperatures deformation which also has the potential to localise hydrothermal activity. 
These areas should be targeted for high-temperature mineralisation including pegmatites, Cu-Au and 
W-Mo.
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Thesis structure
THESIS STRUCTURE AND CHAPTER OUTLINES
This thesis is presented as a hybrid of journal papers which are either in revision or submitted and 
chapters which have been prepared for submission to a scientific journal. Chapter 1 introduces the thesis 
and the study area and the rationale behind the research aims, and outlines the workflow developed 
in the thesis. The main body of the thesis consists of Chapters 2-6; of these Chapter 2 is in revision 
for acceptance into Ore Geology Reviews and Chapter 3 is published in Applied Geochemistry. Each 
chapter incorporates literature review, geological background, methods, results and discussion relevant 
to each chapter topic, and due to this there may be some degree of repetition. Chapter 7 provides a 
summary of the key outcomes of the thesis and overall conclusion. Supplementary figures are provided 
in the appendices and supplementary tables are provided digitally as Excel files. These figures and 
tables are referred to in the text as Figure (no.)S and Table (no.)S, respectively. 
The topics covered in the main body of the thesis are outlined:
Chapter 2 introduces the background to trace element incorporation into ore and gangue minerals and 
reviews the various methods of using trace elements to interpret physico-chemical conditions of ore 
precipitation. The distribution of minerals and trace elements within these zones provides geochemical 
markers that record the formation of zoned ore minerals and fluid-rock interactions. 
Chapter 3 provides isotopic evidence of fluid evolution and ore precipitation at Abra by combining 
whole-rock and in situ SIMS analysis of oxygen, hydrogen and sulphur isotopes. Isotopic values are 
used to trace the source of fluids and sulphur, and relate to textural populations of quartz and sulphide, 
to highlight the change in sources through relative time. The fluid evolution can be linked to basin 
development and tectonic events in the Capricorn Orogen. 
Chapter 4 uses pyrite and chalcopyrite trace elements to determine compositional variation associated 
with the different fluid sources identified in Chapter 3. The variation in sulphide trace elements is also a 
function of vertical zonation in the Abra deposit and, when linked with whole rock mass changes in the 
different zones, provides a record of the processes and conditions involved in vertical zonation.
Chapter 5 continues the use of mineral trace elements as tracers of fluid composition and source 
but focuses on a different deposit-type, the fault-hosted Prairie Downs Deposit. Secondary alteration 
minerals chlorite and carbonate contain trace element-tracers of ore fluids which may provide a new 
means to identify a deposit and interpret its genesis without studying ore minerals. 
Chapter 6 focusses on the Chalba Shear Zone which records multiple deformation and metamorphic 
events associated with tectonic evolution of the Capricorn Orogen. Structural observations and thin 
section petrography is combined with thermobaric models, U-Pb age data and trace element compositions 
to evaluate the evolution of the shear zone. Detailed metamorphic and deformation histories can be used 
to assess the transportation of ore-fluids through large-scale structures.
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Introduction
Western Australia is world renowned for its mineral endowment and mining industry. It is also well 
known in the geoscience community for its ancient origins and long history involving the break-up 
and amalgamation of several supercontinents. The Capricorn Orogen is situated between two ancient 
cratons of Western Australia (Figure 1.1): the Yilgarn Craton to the south and the Pilbara Craton to 
the North, and records the amalgamation and formation of the Western Australian craton during the 
Proterozoic. Collision of the two Archaean cratons between 2215 Ma and 1950 Ma (Sheppard et al. 
2010b; Johnson et al. 2011a) is followed by intracontinental reworking and thermo-tectonic events that 
span the formation and break-up of the supercontinents Nuna, Rodinia and Gondwana (Wilde 1999; Li 
et al. 2008; Evans and Mitchell 2011). The Capricorn Orogen is prospective for mineral endowment due 
to the long history of magmatic and hydrothermal events in addition to prolonged structural reworking 
(Pirajno 2004; Pirajno and Bagas 2008; Cawood and Hawkesworth 2015; Hough 2015; Aitken et al. 
2017). The orogen hosts a range of commodities including base-metals, precious-metals, uranium, iron 
and other industrial minerals (Pirajno 2004; Aitken 2014).
Despite the high mineral prospectively, relatively few economic deposits have been discovered in 
the Capricorn Orogen. The most recent signficant resource discovery of a Cu-Au-Ag volcanic-hosted 
massive-sulphide deposit, which is now the DeGrussa Cu-Au Mine in central southern Capricorn 
Orogen, was in 2009 (Hawke et al. 2015). Exploration is hindered by thick sedimentary cover (Anand 
and Butt 2010; Hough 2015) and difficulty in unravelling complex reworking and overprinting ore-
forming events. Reworking of the crust through processes such as subduction, orogenesis, exhumation, 
erosion and faulting not only facilitates the formation of ore deposits, but also destroys, buries, or 
redistributes the ore, creating lower grade resources (Groves and Bierlein 2007). To improve the success 
of exploration targeting and the economic potential of the Capricorn Orogen, integration of structural 
analysis, geochemistry and geochronology needs to be employed to interpret complex ore-forming 
processes and identify geochemical markers of mineralisation that will aid the identification of ore 
deposits undercover (Mumm et al. 2006; Anand and Robertson 2012; Spinks et al. 2017). 
This thesis will focus on the primary expression of ore-formation including the source of ore-fluids 
and metals, the physico-chemical conditions of deposition, and structural reworking. A workflow will 
be developed to comprehensively characterise rock samples using multiple imaging and analytical 
techniques including new and innovative instrumentation. Field observations, combined with sample 
characterisation, will provide the textural and spatial context to interpret mineral and whole-rock 
geochemistry. The results of this thesis will be used to interpret the complex, overprinting ore systems 
and deformation events in the Capricorn Orogen, and identify geochemical markers of mineralisation 
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Figure 1.1 a) Geological map of the Capricorn Orogen modified from Cawood and Tyler (2004), Sheppard et al. (2010b) showing location 
of thesis case studies. Insert showing the location of the Capricorn Orogen in Western Australia, modified from Pirajno and Bagas 
(2008). Key to coloured units in b) indicating the temporal history of magmatic, metamorphic and sedimentary units within the 
Capricorn Orogen on the northern edge of the Yilgarn Craton, the Gascoyne Complex, and the southern edge of the Pilbara Craton.
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that have the potential to be used in exploration for new deposits in the Capricorn region and similarly 
complex areas of crust 
1.1 Field area of study
This thesis focuses of three case studies from targetted areas of the Capricorn Orogen (Figure 1.1a): 
The polymetallic Pb-Cu-Zn-Ba-Ag-Au Abra deposit; the volcanic- and fault-hosted Zn-Cu-Pb Prairie 
Downs deposit, and the lithospheric-scale Chalba Shear Zone along which W-Mo, gemstones, U, Bi, 
industrial metals and construction materials have been identified. A detailed geological background is 
presented in each chapter to provide the context for the more detailed analyses undertaken in this thesis. 
A brief summary of ore formation over the history of the Capricorn Orogen is outlined below.
Within the Capricorn Orogen, broad groups of mineral deposits are recognised (Figure 1.2) and can be 
related to the regional tectonic framework (Pirajno 2004). The 2215–2145 Ma Ophthalmain Orogeny 
initiated the start of tectonism in the Capricorn Orogen, marking the collision between the Glenburgh 
Terrane and the Pilbara Craton. Foreland basin sedimentation and volcanism began during this time 
leading to the deposition of the Ashburton, Blair and Bresnahan Basins on the southern and western 
margins of the Pilbara Craton (Tyler and Thorne 1990; Rasmussen et al. 2005). The sedimentary basins 
host volcanic-hosted massive sulphide (VHMS) deposits (e.g. Degrussa; Figure 1.2a), manganese and 
iron oxide mineralisation linked to the basin-forming events (Pirajno and Occhipinti 2000; Hawke et al. 
2015). Collisional tectonics produced structurally-controlled precious metal (Au) lodes such as Xanadu-
Mount Olympus (Thorne and Seymour 1991), polymetallic (Cu, Au, Pb, Ag) fault-hosted mineralisation 
and hydrothermal breccia-hosted mineralisation (Thorne and Seymour 1991; Pirajno 2004). 
Ocean closure and collision of the Pilbara-Glenburgh Terrane and the Yilgarn Craton is now recognised 
as the 2005-1950 Ma Glenburgh Orogeny (Occhipinti et al. 2004). The early stage of the Glenburgh 
Orogeny involved the intrusion of the Andean-type magmas and high temperature metamorphism that 
resulted in migmatisation of metamorphic and sedimentary rocks (Kinny et al. 2004; Sheppard et al. 
2004; Johnson et al. 2010; Sheppard et al. 2010b). Native gold mineralisation, in response to granulite 
facies metamorphism, has been reported during the initial subduction phase of the Glenburgh Orogeny 
(Roche et al. 2017). It has been suggested that orogenic Au abundances correlate with the period 2200-
1800 Ma (Figure 1.2a-c) and supercontinent cycling (Aitken et al. 2017), linked to compressional 
tectonics during the Ophthalmian-Glenburgh orogenies and juvenile magmatism (Cawood and 
Hawkesworth 2015; Johnson et al. 2017). 
Following the amalgamation of the West Australian Craton, intracratonic tectonics reworked the Capricorn 
Orogen into a series of tectonic terranes juxtaposed by lithospheric scale fault systems (Sheppard 
et al. 2010a; Johnson et al. 2011b). These events begin with the 1820-1770 Ma Capricorn Orogeny 
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Figure 1.2 Cartoon schematic diagrams modified from Johnson et al. (2011), Johnson et al. (2013) and Pirajno (2004) indicating 
the tectonic setting and ore occurrences during a) ~2200 Ma coinciding with the Ophthalmain Orogeny, b) ~2000 Ma coinciding 
with the Glenburgh Orogeny, c) ~1800 Ma coinciding with the Capricorn Orogeny, and d) ~1600+ Ma beginning with the 
deposition of the Edmund Group around the time of the Mangaroon Orogeny and subsequent deposition and reworking.
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which gave rise to voluminous magmatism, metamorphism and intracratonic deformation (Reddy and 
Occhipinti 2004; Sheppard et al. 2010a; Sheppard et al. 2010b). Tungsten-skarn mineralisation (Pirajno 
and Bagas 2008; Sheppard et al. 2010b), Mo-Cu-W greisen systems (Pirajno and Bagas 2008) and Pb-
Cu-Zn-Au-Ag quartz-sulphide veins (Pirajno 2004) formed as a result of the large-scale magmatism 
(Figure 1.2c). The sedimentary-volcanic Bryah and Padbury Groups deposited during the Capricorn 
Orogeny are host to volcanogenic Cu-Au-Ag mineralisation (Pirajno 2007), whereas the 1840-1760 Ma 
Erraheedy Basin, to the east (Figure 1.1a), is host to low temperature stratabound Pb mineralisation and 
Mississippi valley-type (MVT) Zn-Pb-Cu-Ba mineralisation in carbonate units (Pirajno 2004). 
The following 1680-1620 Ma Mangaroon Orogeny resulted in further magmatism and metamorphism 
(Sheppard et al. 2005) as well as the rapid deposition of sediments in response to rifting (Nelson 1995; 
Sheppard et al. 2010b; Cutten et al. 2016). The Edmund and Collier groups were deposited to the north 
and east of the Gascoyne Province, which are host to stratabound, massive sulphide and structurally-
hosted mineralisation (Figure 1.2d), including Abra (Vogt 1995; Rasmussen et al. 2010; Zi et al. 
2015; Pirajno et al. 2016). Moreover, recent dating of the Ashburton basin points to a period of Au 
remobilisation at ca. 1680 Ma (Fielding et al. 2017), involving the Mangaroon Orogeny in reworking of 
older deposits. The mineralisation-hosting fault at Prairie Downs juxtaposes the Bresnahan Formation 
and Edmund Group sediments next to Archean Fortescue volcanics (Figure 1.1a) and indicates that 
some mobilisation of base-metals post-date initial sedimentation of the Edmund Group. 
Later orogenic events such as the 1371-1171 Ma Mutherbukin Tectonic Event produced little to no 
magmatism, but resulted in high-grade metamorphism during transpressional and transtentional events 
(Sheppard et al. 2010b; Korhonen et al. 2015; Johnson et al. 2016; Korhonen et al. 2017). Mutherbukin-
aged hydrothermal activity affecting older deposits is suggested to represent a period of hydrothermal 
reworking during the orogeny (Thorne et al. 2012; Hawke et al. 2015; Korhonen et al. 2015; Zi et 
al. 2015; Korhonen et al. 2017). The 1030-955 Ma Edmundian Orogeny produced minor leucocratic 
tourmaline-bearing granites and pegmatites of the 995-954 Ma Thirty Three Supersuite, forming 
W skarns, Be-Nb-Ta and Mo-Cu-W mineralisation, and remobilised earlier deposits into structures 
(Sheppard et al. 2010b; Piechocka et al. 2017). Copper, Au, Pb-Zn-Ag and barite vein mineralisation 
within the Edmund Group sediments is also attributed to low-grade metamorphism, basin reactivation 
and shortening during the orogeny (Wingate 2002; Thorne et al. 2012; Cutten et al. 2016). The most 
recent events, including a 900-850 Ma event and the c. 570 Ma Mulka Tectonic Event, caused shear 
zone reactivation (Occhipinti et al. 1998; Sheppard et al. 2010b) that is currently not known to be 
related to ore deposition or mobilisation.
1.2 Workflow and methodology overview
The workflow developed in this study combines field observations with textural and petrological 
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characterisation of samples to provide the context for geochemical data. A range of conventional and 
innovative analytical instruments are employed in this study. Light microscopy and SEM (scanning 
electron microscopy) imaging and EBSD (electron back-scatter diffraction) techniques are used to 
identify mineral phases, image mineral distribution, microstructures, individual grain textures and 
mineral boundary relationships. Energy-dispersive x-ray (EDX) detectors are used to determine semi-
quantitative and quantitative mineral compositions, as well as compositional zoning in major elements. 
A new TESCAN Integrated Mineral Analyser (TIMA) instrument combines four EDX detectors and 
atomic number contrast (ANC) imaging, to rapidly measure mineral composition and assign mineral 
phases over the entire thin section surface. It can also be calibrated to provide semi-quantitative element 
compositions. Geochemical compositions of rock samples are collected using whole-rock techniques 
such as spectrometry methods and XRF (x-ray fluorination). Mineral geochemistry data are collected 
using in situ techniques including LA-ICPMS (laser-ablation inductively-coupled-plasma mass-
spectrometry) and SIMS (secondary-ion mass-spectrometry). The cutting edge split-stream LA-ICPMS 
technique can directly relate mineral composition to isotopic age by using two detectors simultaneously 
(Kylander-Clark et al. 2013; Kylander-Clark 2017). Detailed analytical methods are presented in each 
of the following chapters.
1.2 Thesis Aims and objectives
The aim of this thesis is to constrain the formation of multi-stage ore deposition and deformation in the 
Capricorn Orogen, Western Australia, and identify geochemical markers of mineralisation that can be 
utilised during exploration. This study will develop a workflow of petrological, textural and structural 
characterisation integrated with targeted geochemical analysis. The results and conclusions of this thesis 
will improve the recognition of primary footprints of ore deposits.
These specific aims of this thesis are:
1) To determine the distribution of trace elements between ore and gangue minerals, including those 
that may be used as pathfinder elements, and use textural and structural information to identify crystal 
growth and deformation processes that have influenced the geochemistry.
2) To use compositional data in minerals and rocks to infer ore-forming conditions, metasomatic and 
metamorphic environments, and identify the source of fluids, metals and sulphur.
3) To develop in situ techniques for the geochemical characterisation of ore minerals and ore fluids 
using laser-ablation trace element, and ion probe stable isotope analysis.
4) To use petrological and structural information to identify the relative timing of metamorphic and 
deformation events and linking to petrochronological data, to evaluate the evolution of large-scale 
structures.
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The distribution of trace elements in a zoned polymineralic ore vein and implications for 
ore-forming conditions
Abstract
The chemistry of precipitating ore minerals can be used to infer ore-forming conditions in a deposit. 
The distribution of trace elements in a mineral similarly reflects changes in geochemical environment 
yet few studies have looked into variation in trace element content between coexisting minerals and the 
implications for ore-formation, despite the common occurrence of polymetallic ore-systems. A miner-
alogically-zoned, polymetallic Pb-Fe-Cu-Zn ore vein from the Abra deposit in the Capricorn Orogen, 
WA, has been chosen as an example small-scale ore-system. Abra is a lead and silver resource currently 
estimated at 47.8 Mt (indicated and inferred) of 7.3-10.1 % Pb and 18-28 gt-1 Ag, also with signifi-
cant Cu-Au zones identified.  In situ, quantitative trace element compositions were collected in pyrite, 
chalcopyrite, sphalerite and dolomite, alongside qualitative trace element mapping highlighting trace 
element distribution in galena, barite, magnetite, hematite and recrystallised quartz. Trace elements 
partition into sulphide, oxide and carbonate minerals due to compatibility into crystal lattices. Some are 
hosted in inclusions that reflect the major ore metals in the ore fluid (e.g. Pb) and localised oxidation 
(e.g. Mo in hematite and Ba in barite). Trace element chemistry points to a sedimentary source of fluid 
and metals, precipitated at temperatures in the range of ~262 - 350°C. Symmetrical mineral zonation has 
formed as a result of host-rock buffering, increasing pH into the wall rock, and an increase in oxidation 
at the vein boundary. Antimony has unusually high concentrations in the vein sulphides and exhibits 
strong correlation with Au and Ag, indicating that the trace element may be a useful pathfinder element 
for similar style veins.  It is important to be able to distinguish and interpret individual ore-forming 
events at the scale of a vein within complex overprinting systems such as Abra since it is possible that 
different vein sets were formed from different fluids and under different conditions. Further study of 
different vein-type mineralisation at Abra will build a comprehensive picture of the different hydrother-
mal ore-forming events. 
2.1 Introduction
The partitioning of trace elements between minerals in low temperature hydrothermal fluids is highly 
dependent on temperature and fluid composition as well as oxygen and sulphur fugacity, redox and pH, 
with comparatively less dependence on pressure (Keith et al. 2014; Williams-Jones and Migdisov 2014; 
George et al. 2016; Fontboté et al. 2017). In individual deposits, unique growth conditions and fluid 
chemistry alter the partitioning of trace elements between mineral phases. Therefore, the trace element 
compositions of coexisting ore phases may provide an efficient way of determining the conditions of 
ore formation. Numerous authors document the trace element composition in a single phase (Cook et 
al. 2016) such as dolomite (Hecht et al. 1999; Barrat et al. 2000), quartz (Flem et al. 2002; Rusk et al. 
2008), iron-oxides (Dare et al. 2012; Nadoll et al. 2014), pyrite (Hawley and Nichol 1961; Ryall 1977; 
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Roberts 1982; Huston et al. 1995; Large et al. 2009; Koglin et al. 2010; Large et al. 2014; Gregory et 
al. 2015; Mukherjee and Large 2016; Kouhestani et al. 2017), chalcopyrite (Hawley and Nichol 1961; 
Huston et al. 1995; Butler and Nesbitt 1999), sphalerite (Axelsson and Rodushkin 2001; Palero-Fernán-
dez and Martín-Izard 2005; Cook et al. 2009b; Ye et al. 2011), and in galena (Palero-Fernández and 
Martín-Izard 2005; George et al. 2015). However, natural systems are polymineralic and trace elements 
will partition between coexisting phases which few authors have studied (George et al. 2016). 
Certain elements are associated with different ore deposits; for example, Mo-Sn-W is associated with 
granitoid-related deposits, Ni-Cu-PGE is associated with mafic magmatic deposits and Pb-Zn-Cu is 
associated with sediment- and volcanic-hosted base metal deposits (Brauhart et al. 2017). Trace ele-
ments in minerals are similarly used. In pyrite, trace metals Mo, Ni, Co, As and Se are sourced from 
background seawater, indicative of sedimentary pyrite, and Zn, Tl, Cu, Pb, Ag and As are incorporated 
during later sedimentary-exhalative (SEDEX) hydrothermal activity (Mukherjee and Large 2017). Py-
rite from porphyry Cu deposits can be rich in trace metals Cu, Ni, Hg, Au, Ag, As, Te and Sb (Reich et 
al. 2013) whereas pyrite that has undergone significant metamorphism or diagenesis is relatively trace 
element poor due to the resulting release of metals (Large et al. 2007). In sphalerite, high Co and Mn 
is found in skarn deposits whereas Mississippi-valley type (MVT) deposits include sphalerite enriched 
in Ge, Cd, Tl and As (Ye et al. 2011). In magnetite, high concentrations of Ti and V, but low Sn, are 
characteristic of hydrothermal porphyry deposits whereas high Ti, V, Cr and low Mg are characteristic 
of igneous porphyry deposits (Nadoll et al. 2014). The use of trace element behaviour in multiple co-
existing minerals may offer a broader insight into the ore-forming conditions, which study of a single 
mineral may miss, given the partitioning effects during their growth.  
This study aims to describe mineral texture, morphology and the distribution of mineral-hosted trace 
elements in a polyminerallic vein, to evaluate the physico-chemical conditions of precipitation and the 
formation of symmetrical mineralogical zonation. An ore vein in the Abra base metal deposit in the Cap-
ricorn Orogen, Western Australia, has been chosen for this study because it contains common base-met-
al sulphides within a single vein-host system in a thin section that can be found in the larger-scale de-
posit. Furthermore, previous work provides a background on the conditions of ore formation with which 
to compare the interpretations from trace element partitioning in the vein. The thin section consists of a 
dolomite-quartz vein, a surrounding mineralogically zoned hematite-magnetite-barite-chalcopyrite-py-
rite-sphalerite-galena mineralisation zone. An outer zone of predominantly quartz with minor chlorite, 
feldspar and pyrite, visible in the thin section, forms an alteration zone around the vein in a chloritized 
sandstone host rock. Mineral and trace element distribution provides a spatial and textural context in 
which to understand the chemical processes that partitioned trace elements and created the mineral 
zonation. Geochemical trends will highlight trace element correlation that may be useful as pathfinder 
elements at Abra and similar ore deposits in the region. 
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2.2 Geological background
The Capricorn Orogen of Western Australia lies between the Archaean Pilbara Craton to the north, 
and the Archaean Yilgarn Craton to the south (Figure 2.1). The orogen consists of the exotic Archaean 
Glenburgh Terrane forming the basement to the Gascoyne Province (Johnson et al. 2011b), a variably 
metamorphosed and deformed amalgamation of metasediments and igneous units juxtaposed by crust-
al-scale fault systems (Sheppard et al. 2010b; Johnson et al. 2013). Deformation in the Capricorn Oro-
gen records the orogenic events which formed the Western Australian Craton (Cawood and Tyler 2004) 
between 2215 Ma and 1950 Ma (Occhipinti et al. 2004; Johnson et al. 2010; Johnson et al. 2011a). Over 
1 My of intracratonic deformation and tectono-thermal events have reworked the Capricorn Orogen into 
a complex set of terranes (Wingate and Giddings 2000; Sheppard et al. 2010a; Sheppard et al. 2010b; 
Johnson et al. 2011c; Johnson et al. 2013). Overlying the Gascoyne Province to the north and north 
east is the Proterozoic Edmund Basin (previously known as the Bangemall Basin) which consists of the 
1620 – 1485 Ma Edmund Group overlain by the 1211 – 1070 Ma Collier Group (Martin and Thorne 
2002). The stratigraphy of the Edmund Basin comprises six distinct sedimentary packages, the complete 
lithological descriptions of which are described in detail by Martin and Thorne (2002, 2004); Martin et 
al. (2008).
The Abra Pb-Ag-Ba-Zn-Cu-Au, buried stratiform massive sulphide and stringer zone hosted deposit 
(Figure 2.2) contains at least five million tonnes of Pb and Ag including 11.2 Mt at 10.1% Pb and 28gt-1 
Ag within 36.6 Mt at 7.3 % Pb and 18gt-1 Ag, indicated and inferred (Mining 2018), as well intersec-
Figure 2.1: Geological map of Western Australia modified from Occhipinti and Reddy (2009) with the location of the Abra 
deposit shown and a geological map of the area surrounding Abra, created from GSWA’s GeoVIEW GIS database, showing the 
drilling location of the AB60A core.
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tions with up to 10 % Cu and 15 ppm Au in the lower stringer Copper/Gold Zones, yet has anomalously 
low Zn (58 m of 2.7% Zn at best). Abra is similar to many clastic-hosted Pb-Zn deposits in its tectonic 
setting and mineralogy (Cooke et al. 2000; Leach et al. 2010) yet differ in the low concentration of 
Zn, high Fe and Ba, colloform mineralisation textures and abundance of chalcopyrite. Sulphur and 
oxygen isotopes point to a modified brine fluid source which has mixed with meteoric fluids (Austen 
2007; Meadows et al. 2018) with salinities between 3.7 and 13.8 wt.% NaCl (Austen 2007; Pirajno et 
al. 2016). Reported mineralisation temperatures are <200°C in the Red Zone, closer to ~200-250°C in 
the Black Zone (Pirajno et al. 2016), and can reach over 300°C in the stringer zone (Austen 2007). The 
most recent genetic model from Pirajno et al. (2016) includes an initial SEDEX–style formation of the 
stratiform and stringer zones followed by repeated phases of fracturing, brecciation and hydrothermal 
fluid flow associated with regional fault movement and tectonics. Mineralisation is dated between 1650 
and 1590 Ma (Austen 2007; Johnson et al. 2015; Zi et al. 2015; Pirajno et al. 2016), with later dates of 
1380 Ma, ~1255 Ma and at 995 Ma attributed to later hydrothermal activity (Rasmussen et al. 2010; Zi 
et al. 2015; Pirajno et al. 2016).
The stratiform zone at Abra consists of the Red Zone, a colloform jaspilite-hematite-chert-magne-
tite-barite-siderite-pyrite zone, atop of the Black Zone which is a metalliferous banded hematite-mag-
netite-pyrite-carbonate-barite-scheelite-galena-sphalerite zone of replacement (Pirajno et al. 2016). The 
original host rocks are hard to identify due to the overprinting hydrothermal phases of hydrothermal 
activity, yet the Red and Black Zones are thought to represent chemical sediments formed from evap-
oritic brines and SEDEX-style exhalation (Pirajno et al. 2016). The stringer zone, below the stratiform 
zones, is a variably chloritized, replaced, brecciated and veined zone dominated by several ore min-
eral assemblages including pyrite-magnetite-chalcopyrite veins, pyrite-galena-chalcopyrite ± sphaler-
ite-iron oxide veins (Weber 1994; Austen 2007; Pirajno et al. 2016). The stringer zone cross-cuts coarse 
sandstones and conglomerates of the Kiangi Creek Formation and the Irregully Formation siltstones 
and sandstones; ore assemblages vary between lithology with galena-chalcopyrite dominated veins in 
the Kiangi Creek Formation and chalcopyrite-magnetite dominated in the Irregully Formation. The 
footwall to the stringer zone consists of the Irregully Formation rocks which are laminated mudrocks, 
dolomitic and micaceous siltstones and sandstones in which there is some evidence of evaporites (Vogt 
1995; Martin and Thorne 2002; Pirajno et al. 2016). Within the stringer zone, siltstone and sandstone 
matrix is variable replaced by chlorite, carbonate and microcrystalline quartz (Pirajno et al. 2016).  
2.3 Sample description
The sample chosen for this study is from core AB60A which runs through the centre of the Abra deposit. 
The sample (AB60A_35) is at a depth of 411m within the Stringer Zone in the Kiangi Creek Formation 
(Figure 2.2). The host rock consists quartz-chlorite-feldspar-pyrite ± carbonate-muscovite (Figure 2.2) 
yet the thin section AB60A_35 reveals a wall-rock consisting of predominantly quartz with minor al-
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tered feldspar, small equant pyrite and patches of galena ± chalcopyrite and sphalerite. The difference 
in mineralogy from the host-rock implies the quartz-rich wall-rock in the thin section is a silicified 
alteration zone from now on referred to as the depleted host rock (DHR). Within the thin section, a 
dolomite-quartz vein cuts through the DHR flanked by symmetrical zoning of sulphides (galena, pyrite, 
chalcopyrite and sphalerite), magnetite, hematite, barite, dolomite and quartz. The symmetrical zoning 
extends for at least 20 cm’s, parallel to the vein walls, which is the extent to which the vein can be traced 
through the core section. The vein is moderately to steeply dipping within the host rock. The sample was 
chosen for the clear, symmetrical zoning around a vein, over which the range of ore minerals at Abra, 
including the stratiform and stringer zones, are present (Figure 2.3). 
2.4 Methodology
2.4.1 Thin section preparation
The thin section AB60A_35 was prepared with a 30 µm thickness and an initial 1 µm diamond polish, 
followed by a chemo-mechanical polish with 0.06µm colloidal silica. It was then coated with a thin 
layer of carbon (~5nm) before imaging.
2.4.2 Scanning electron microscopy
Scanning electron microscopy analysis was carried out on a Tescan Mira3 at the John de Laeter Centre, 
at Curtin University. A back-scatter electron (BSE) map of the entire thin section was collected at 20 kV, 
spot size 14 nm, a working distance of 10 mm, a dwell time of 5 ms with resolution of 7123 x 4659. A 
total of 368 fields scanned over 15.7 s were stitched together using Oxford Instruments Aztec software. 
Cathodoluminescence (CL) images of quartz were also collected using an accelerating voltage of 15 kV, 
beam intensity of 14, spot size 14 nm and a working distance of ~16.5 mm.
Compositional and crystallographic information were collected simultaneously by energy dispersive 
Figure 2.2: Cross section view through the Abra deposit from south to north, showing the vertical ore zoning and the position of 
the thin section sample AB60A_35 at 411 m depth. Cross section modified from Zi et al. (2015).
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X-ray spectroscopy (EDS) and electron backscatter diffraction (EBSD) using an acceleration voltage 
of 20 kV, spot size 14 nm, at a working distance of 21.8 mm, with the sample tilted at 70°. Data were 
collected using large area mapping (LAM) which comprises analysis of 774 frames of data at reso-
lution 3507 x 737 that are stitched together with Oxford Instruments Aztec software. Characteristic 
X-rays were analysed over a range of 20 keV and a process time of 5 ms, simultaneously with electron 
backscatter diffraction patterns (EBSPs) which were collected using a step size of 10 µm and a Hough 
resolution of 60. Around 2.4 million data points of both EBSPs and major element spectra were col-
lected over nineteen hours. The collected EBSPs were compared to theoretical patterns (Table 2.1S) 
and assigned a phase by matching at least 8 bands. The mean angular deviation (MAD) was up to 1.2° 
to >>1°.  Channel 5 software was used to reduce the data by applying standard wild spike and a single 
iteration of a four-neighbour zero solution correction (Reddy et al. 2007). The software also displays 
orientation data in a map view shaded by internal lattice misorientation, while pole figures give the 
orientation of crystal axes in a user-defined framework (x, y), in this case parallel (y) and perpendicular 
(x) to the vein wall. Grain boundaries are defined by a misorientation angle of >10°. Dolomite twin 
boundaries at 180° <2110> and <1210> are common throughout the vein, but are not displayed in order 
to present a clearer view of grain boundary distribution. Complete pole figures of all orientations are 
presented in Figure 2.1S.
2.4.3 In situ trace element analysis
In situ trace element analysis was undertaken on an Agilent 7700x quadrupole at the Geohistory laser 
ablation inductively-coupled-plasma mass-spectrometry (ICPMS) facility, part of the John de Laeter 
Centre, Curtin University. Analysis includes both qualitative laser ablation mapping and quantitative 
individual spot analysis. The carrier gas for all analysis consists of a He-Ar-N mix. 
Qualitative laser ablation mapping was undertaken on the same billet used to create the thin section 
AB60A_35 enabling direct comparison between data. The billet was polished on a rotary polishing sys-
tem using 1 µm diamond polish prior to analysis. The laser map run was set up in 155 raster rows filling 
a user-defined rectangle on the billet surface. Analysis was undertaken using a spot size of 30 µm, a 
pulse frequency of 10 Hz, and beam fluence of 2 Jcm-2. Raster rows were ablated at a scan velocity of 30 
µm-1 over 20 hours. A large suite of trace elements isotopes were monitored including 12C, 23Na, 24Mg, 
27Al, 28Si, 31P,  34S, 39K, 43Ca, 44Ca, 47Ti, 49Ti, 51V, 52Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 72Ge, 75As, 
77Se, 78Se, 82Se, 85Rb, 88Sr, 89Y, 95Mo, 105Pd, 107Ag, 111Cd, 115In, 118Sn, 121Sb, 125Te, 137Ba, 140Ce, 146Nd, 153Eu, 
Figure 2.3 (previous page): Scanning electron microscope (SEM) large area maps: (a) Backscatter electron (BSE) (atomic 
number contrast) map showing the texture and symmetrical distribution on minerals across the vein. (b) EBSD coloured by 
mineral and shaded by misorientation. Grain boundaries are in black and quartz. Dauphine twin boundaries (60° <0001>) are 
in grey. The coordinate reference system (x, y) is related to the directions within the plane of the section that are perpendicular 
(x) and parallel (y) to the vein. (c) EDS coloured by phase showing the mineralogy of the thin section and used to define the 
mineral zones. Numbered spot locations corresponding to the LA-ICP-MS analyses are also shown in (c).
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166Er, 172Yb, 197Au, 205Tl, 208Pb, 209Bi and three standards, NIST612, Ti-G and GSD, were each ablated at 
the start, middle and end of the run. Following data collection, background counts were removed using 
Iolite (Paton et al. 2011) in the Igor Pro software to give intensities in counts per second. The baseline 
was picked at the start of each ablation period to account for undulation in some elements, such as 
silicon. There are difficulties in quantitatively reducing polyphase maps to acquire ppm-concentrations 
because each mineral must be reduced separately against a similar standard to account for partitioning 
effects. For this reason, only background was removed so that resulting element maps illustrate signal 
intensities in counts per seconds (CPS) rather than quantitative element abundances, but still showed 
qualitative element associations and distributions. The minerals covered by the LA-ICP-MS map in-
clude dolomite, quartz, hematite, magnetite, barite, chalcopyrite, pyrite, sphalerite and galena.
 
Spot analysis was completed on the thin section AB60A_35 to acquire quantitative data and directly 
correlate trace element compositions to texture and phase information acquired from electron microsco-
py. Analysis was undertaken using a spot size of 75 µm, a pulse frequency of 7 Hz and a beam fluence 
of 2.8 Jcm-2. The background was counted for 30 seconds followed by an ablation time of 40 seconds. 
Analyses included both dolomite and sulphide (pyrite, chalcopyrite and sphalerite) spots in two separate 
runs. Isotopes monitored include 24Mg, 27Al, 28Si, 43Ca, 44Ca, 47Ti, 51V, 52Cr, 55Mn, 57Fe, 88Sr, 89Y, 95Mo, 
115In, 118Sn, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu, 157Gd, 159Tb, 163Dy, 165Ho, 166Er, 169Tm, 172Yb, 
175Lu, 182W, 209Bi, 232Th, 238U in dolomite, and 28Si, 43Ca, 47Ti, 52Cr, 56Fe, 57Fe, 59Co, 60Ni, 63Cu, 66Zn, 75As, 
77Se, 95Mo, 107Ag, 111Cd, 118Sn, 121Sb, 137Ba, 182W, 197Au, 205Tl, 208Pb, 209Bi in sulphides. Standards NIST612 
and NIST610, and GSD-1g, BHVO-2G, BCR2G, MASS-1, IMER1, Bonn and Po726, were measure 
at equal intervals throughout the dolomite and sulphide runs, respectively. Following data collection, 
background noise was subtracted and the data reduced using the Trace_Elements data reduction scheme 
(DRS) in Iolite. The primary standard for dolomite was NIST612 using 43Ca as the internal reference 
element, whereas all sulphides were reduced using GSD-1g as the primary standard and 57Fe as the 
internal reference element. Stoichiometric values of Ca and Fe were assumed for dolomite and sul-
phides, respectively. Neither Zn nor S were used to reduce sphalerite data because Zn and S strongly 
fractionate during LA-ICP-MS analysis and S values are affected by interferences during collection 
(Danyushevsky et al. 2011); therefore neither element is appropriate to use as an internal reference ele-
ment as measured values may be different to correct values, particularly when they are a major element. 
Large spikes in major elements of inclusion minerals were avoided during data reduction. A table of 
polyatomic interferences for LA-ICP-MS was consulted to ensure no peak overlaps between elements 
of interest. Detection limits are typically very small for LA-ICP-MS analyses, however some elements 
record results below the detection limits or have negative values; these analyses are recorded with a 
less than (<) symbol in Table 2.2S and elements with a large majority of highlighted values have been 
discounted from interpretation. 
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2.4.4 Whole rock X-ray fluorescence (XRF) analysis
Whole-rock x-ray fluorescence (XRF) on sample AB60A_35 was undertaken at Franklin and Marshall 
College, Pennsylvania, USA. The sample was initially crushed at Curtin University using a tungsten 
carbide mill before being sent to Franklin and Marshall College to be crushed again so that the rock 
powders pass through an 80 mesh sieve. The samples were analysed for major elements, trace elements 
and loss on ignition (LOI). Standard errors are presented in Table 2.3S. The methodology of XRF anal-
ysis is available from the Franklin and Marshall College, XRD and XRF Laboratory website (Frankline 
and Marshall 2017), summarised as follows: Crushed rock powder (0.4±0.0001 grams) is mixed with 
lithium tetraborate (3.6±0.0002 grams) and placed in a platinum crucible then heated until molten, 
before it is transferred to a platinum casting dish and quenched for major element analysis. Trace el-
ement analysis requires a further 7.0±0.0004 grams of rock powder mixed with 1.4±-.0002 grams of 
high purity copolywax powder and pressed into a briquette. Loss on ignition is determined by heating 
an aliquot of the sample at 950°C for one hour. Working curves for each element, both major and trace 
elements, are determined by analysing geochemical rock standards from Abbey (1983) and Govindaraju 
(1994) using 30-50 data points and element interferences. The Rh Compton peak is utilized for a mass 
absorption correction for region one elements. 
2.5 Results
Texture, mineralogy and trace element associations are described for the depleted host-rock (DHR), the 
vein, and the intervening mineralisation zone. The mineralisation zone is split into sub-zones of co-ex-
isting phases, named after the predominant phase. Sorted from the vein outwards these are: the Hematite 
Zone (HZ), Magnetite Zone (MZ), Inner Pyrite Zone (IPZ), Outer Pyrite Zone (OPZ) and Galena Zone 
(GZ). The zones include narrow sub-zones comprising a variety of different minerals at their boundar-
ies, schematically represented in Figure 2.4. 
Trace elements that produced high counts per second (CPS) during laser ablation mapping are tabulated 
qualitatively for each mineral in Table 2.1. Quantitative LA-ICP-MS spot analysis data has been aver-
Figure 2.4: Schematic summary of 
mineral zones from vein to depleted 
host rock (DHR), including the narrow 
polymineralic bands at the boundaries 
of the main zones. Abbreviations are: 
brt = barite, ccp = chalcopyrite, dol = 
dolomite, fsp = feldspar, gn = galena, 
hem = hematite, mag = magnetite, py = 
pyrite, qz = quartz, sp = sphalerite.
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Mineral Minor/trace elements
Dolomite Sr, In, V, Y, Er, Eu, Ce, Nd, Yb, Mo
Magnetite Co, Ni, Ge, V
Hematite Mo, Ge, Al, V, In, Ce, Nd
Barite Ga
Pyrite Ni, Co, Ge, Ti, As
Chalcopyrite In, Sn
Sphalerite Sb, Cd
Galena Ag, Sb, Bi, Tl
Quartz Al, Rb, K, Na
Table 2.1 List of trace elements detected in minerals 
during LA-ICP-MS mapping.
aged for individual minerals in each mineralisation zone. Dolomite data is presented in Table 2.2 and 
pyrite, chalcopyrite and sphalerite data is presented in Table 2.3.
Whole rock major oxide and trace element concentrations, of the vein and surrounding zones, are pre-
sented in Table 2.4. Most of the samples consists of SiO2 (74.5 wt. %) but there is also significant con-
centrations of FeO (4.8 wt. %), Fe2O3 (3.2 wt. %), SO3 (5.6 wt. %), Pb (4.96 wt. %), Zn (0.38 wt. %), 
Cu (0.13 wt. %) and Ba (0.17 wt. %).
2.5.1 Depleted host-rock (DHR)
Quartz makes up the majority of the DHR with minor occurrences of pyrite, altered feldspar, some re-
maining chlorite, and rare sulphides and sulphates. Depleted host rock quartz is anhedral to subhedral 
and varies in size from a few microns to ~1 mm (Figure 2.3b; Figure 2.5a-d). Growth zoning is visible 
in CL imaging (Figure 2.5b,c). Undulose extinction is rare and transgranular fractures and inclusion 
trails are orientated perpendicular to the vein (Figure 2.5d). The {0001} poles that have a weak orien-
tation oblique to the x- and y-direction (Figure 2.6a) reflected by a weak preferred-orientation in the 
uncorrelated distribution curves (Figure 2.6c), shown by a small peak of orientation data above the 
random theoretical curve. The correlated distribution curves of quartz show a twin peak for Dauphiné 
twins at 60° <0001> and a small peak of low angle growth boundaries (Figure 2.6c). Pyrite occurs as 
small (150- 250 µm) equant semi-rounded grains within the depleted host rock. The pyrite has smooth 
embayed grain boundaries and contains galena and quartz inclusions, ≤ 100 µm (Figure 2.5e). The poles 
to {111} and {100} faces cluster in three quadrants of the pole figure due to the cubic symmetry of 
pyrite (Figure 2.6a). Few, small and fractured K-feldspars and albite crystals (~150 µm) are distributed 
irregularly amongst the quartz grains, surrounded by chlorite haloes (Figure 2.3c; Figure 2.5f). Chlorite 
is also present as small anhedral grains (<100 µm)  1mm away from the vein edge. In addition, ga-
lena occurs in the DHR, along with a few grains of barite, chalcopyrite and sphalerite, infilling spaces 
between quartz crystals, appearing to precipitate after quartz (Figure 2.3). 
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Trace elements which spatially correlate with quartz (high Si intensities) include Na, Al, K and Rb (Ta-
ble 2.1; Figure 2.7; Figure 2.2S). These trace elements could represent tiny inclusions of feldspar within 
the quartz but there is little textural evidence to show this. Pyrite in the DHR incorporates Cu, Ni, Co, 
As and Ti, indicated by the correlation of high intensities of these elements and Fe + S intensities in LA-
ICP-MS mapping (Table 2.1; Figure 2.7; Figure 2.2S). Quantitative data indicate mean concentrations 
of Cu, As and Pb occur in excess of 1000 ppm, Co and Ni between 100-1000 ppm, and Zn, Ag, Mo and 
Sb between 10-100 ppm. Some analyses recorded up to 2399 ppm Co, 1133 ppm Ni, 6400 ppm Cu, 
4340 ppm As, 35000 ppm Pb and 646 ppm Mo (Table 2.3). DHR chalcopyrite had only two analyses 
indicating generally low trace element concentrations, with only Pb and Zn above 100 ppm and 10 ppm, 
respectively (Table 2.3). 
2.5.2 Vein
The vein consists predominantly of dolomite with minor quartz lining the vein edges and several miner-
al-filled fractures. Dolomite crystals are angular, mm-scale (≤ 4mm) and interlocking (Figure 2.3b; Fig-
ure 2.5g). The trace of small grains, most much less than 100 µm, at the centre of the vein, lie parallel to 
the vein walls, located around the grain boundaries of larger crystals (Figure 2.3b). Pole figures indicate 
that {0001} faces have preferred alignments sub-parallel and sub-perpendicular to the vein wall (Figure 
2.6a). The uncorrelated misorientation angle distribution curve also shows peaks in angle distribution 
that point to preferred orientations or possibly a systematic angle distribution due to twinning. Cor-
related misorientation angles show a peak for 180° twins and another for low angle growth boundaries 
(Figure 2.6b). It cannot be concluded from the data whether the low angle boundaries are due to de-
formation or growth processes. Euhedral quartz crystals form a comb texture from the vein walls, with 
Oxides wt%
SiO2 74.4
TiO2 0.1
Al2O3 1.4
Fe2O3 3.2
FeO 4.8
MnO 0.1
MgO 0.9
CaO 0.7
Na2O 0.3
K2O 0.2
P2O5 0.0
LOI 7.7
SO3 5.6
Total 99.3
Fe2O3T 8.6
Trace elements wt%
Rb 0.00
Sr 0.00
Y
Zr 0.02
V 0.00
Ni 0.00
Cr 0.00
Nb 0.00
Ga
Cu 0.13
Zn 0.38
Co 0.00
Ba 0.17
La 0.00
Ce
U 0.00
Table 2.4 Whole rock XRF major oxide and trace element abundances in wt. %
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Figure 2.5: Photomicrographs: (a) Cross polarised light (XPL) image of the boundary between the host rock and depleted host 
rock (DHR) with quartz (qz) and feldspar (fsp); (b) and (c) Cathodoluminescence (CL) image of growth zoning in quartz (qz) 
that is found in both vein and DHR next to galena (gn); (d) Plane polarised light (PPL) image of inclusion trails cross-cutting 
quartz (qz)grains; (e) Back-scatter electron (BSE) image of DHR pyrite (py) with quartz (qz) and galena (gn); (f) BSE image 
of K-feldspar (Kfs) grain in quartz (qz) host rock showing evidence of alteration to chlorite (chl) at their grain boundaries; 
(g) vein dolomite (dol), quartz (qz) and hematite (hem) at the vein edge; (h) the boundary between the magnetite zone (MZ), 
the hematite zone (HZ) and the vein (V) also showing the textures and relationships between magnetite (mag), hematite 
(hem), barite (brt), chalcopyrite (ccp), galena (gn) and vein quartz (qz); (i) BSE image of chalcopyrite (ccp) texture which is 
poorly formed, pitted and riddled with inclusions of hematite (hem), galena (gn), quartz (qz) and barite (brt), boundaries are 
interlocking with hematite (hem); (j) BSE image of the mineralogy in the pyrite zone (PZ) with pyrite (py), dolomite (dol), 
galena (gn) and magnetite (mag); (k) BSE image of chalcopyrite (ccp) at the boundary between the galena zone (GZ) and 
the pyrite zone (PZ); (l) BSE image of sphalerite (sp) and coeval galena (gn) in the galena zone (GZ) next to pyrite (py) and 
dolomite (dol) in the pyrite zone (PZ).
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faceted edges in contact with vein dolomite, indicating that they have grown inwards from the vein wall 
(Dong et al. 1995). Quartz {0001} orientations are similar to those in dolomite, with axes being either 
near-parallel or near-perpendicular to the vein wall with some variation from the “z-direction” (Figure 
2.6a). Fractures perpendicular to the vein walls, that cross-cut the dolomite vein are highlighted by Sr 
anomalies (Figure 2.7) and infilled with galena, barite and quartz (Figure 2.3b,c). 
Trace elements spatially correlated with vein dolomite (high Ca + Mg intensities) include Mn, Sr, In, 
V, Er, Eu, Ce, Nd and Yb (Table 2.1; Figure 2.7; Figure 2.2S). Rare earth elements (REE), V and In are 
zoned in individual crystals; euhedral crystal form with a core of V surrounded by In and REE (Figure 
2.7). Quantitative concentrations of Mn indicate major element concentrations between 3-4 wt. % Mn 
while Fe is between 0.45-6 wt. %. Mean Sr concentrations are above 100 ppm, In and Y above 10 ppm, 
while all other trace elements are, at maximum, a few ppm (Table 2.2). There is a general trend of light 
REE (LREE) enrichment relative to heavy REE (HREE), and chondrite-normalised values (Taylor and 
McLennan 1985) indicates a strong Eu anomaly with an otherwise flat to concave-up profile (Figure 
2.8). Trace element association with vein quartz (high Si intensities) include Na, Al, K and Rb (Table 
2.1; Figure 2.7; Figure 2.2S), as in DHR. 
Figure 2.6: (a) Mineral zones superimposed onto the EBSD map with lower hemisphere, equal area {001} pole figures for 
each mineral showing the crystal growth relationships with the x-y reference frame. (b) The frequency of quartz misorientation 
angles compared to a theoretical random distribution shows a peak at low angles and at ~60° associated with Dauphine twin 
boundaries. Numbers in square brackets represent the number of points used for each curve or column. (c) The frequency 
of dolomite misorientation angles compared to a theoretical random distribution again shows the presence of low-angles 
boundaries and twin boundaries at 180°. Numbers in square brackets represent the number of points used for each curve or 
column.
 Chapter 2 Trace elements in a polymetallic vein
29
Figure 2.7: LA-ICP-MS trace element maps of signal intensities illustrating the distribution of trace elements amongst the 
different minerals. 
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2.5.3 Hematite Zone (HZ)
The hematite zone is the innermost mineralisation zone and consists predominantly of hematite along 
with minor chalcopyrite and barite, and galena filled fractures. Hematite forms elongate prismatic crys-
tals, less than 0.3 mm in length, and microcrystals that appear to grow from the adjacent MZ and extend 
into the vein (Figure 2.5h). The crystals have a very weak preferred orientation that does not appear to 
be associated with the orientation of the vein wall (Figure 2.6a). Chalcopyrite grains in this zone are an-
hedral, spongy and up to 1mm in size (Figure 2.3; Figure 2.5h,i). Their grain boundaries interlock with 
the surrounding hematite crystals and grains are spatially associated with magnetite (Figure 2.5i). Chal-
copyrite contains numerous inclusions of galena, hematite, barite and quartz (Figure 2.5i) which are 
often up to 100 µm. In addition, barite occurs as ~100 µm anhedral grains, often adjacent to chalcopyrite 
(Figure 2.3). Cross-cutting fractures in the HZ are predominantly filled with galena (Figure 2.3a,c).
Trace elements that spatially correlate with hematite (high Fe intensities) include Mo, Al, V, In, Ce and 
Nd, whereas barite (high Ba intensities) correlates spatially with high Ga (Table 2.1; Figure 2.7; Sup-
plementary Figures 2.2). Quantitative analysis shows chalcopyrite in the HZ zone are host to generally 
low trace element values yet Zn, W and Pb occur above 10 ppm, with analyses as high as 370 ppm, 710 
ppm and 300 ppm, respectively (Table 2.3). Some analyses also indicate Ba concentrations up to 93 
ppm (Table 2.3).
2.5.4 Magnetite Zone (MZ)
The magnetite zone comprises magnetite, minor barite, and galena filled fractures (Figure 2.3). Magne-
tite has few defined crystal shapes or grain boundaries; the euhedral grain boundaries present face into 
the adjacent pyrite zone. Magnetite forms spongy crystal masses which are riddled with inclusions of 
galena, and some barite, with numerous fractures almost to the point of brecciation (Figure 2.3; Figure 
2.5h). Pole figures are generally indistinct apart from {001} which shows strong alignment parallel to 
the y-direction (Figure 2.6a). Barite forms as small (100 – 200 µm) anhedral, spongy grains with galena 
and magnetite inclusions (Figure 2.3c).
Figure 2.8: Normalised REE profile in dolomite using chondrite values from Taylor and McLennan (1985).
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Trace elements that spatially correlate with magnetite (high Fe intensities) include Co, Ni and V, where-
as barite (high Ba intensities) is spatially associated with high Ga (Table 2.1; Figure 2.7; Figure 2.2S). 
2.5.5 Pyrite Zone (IPZ, OPZ)
The pyrite zone comprises pyrite, dolomite and galena along with minor amounts of chalcopyrite, 
sphalerite and barite. Pyrite occurs as equant euhedral to subhedral, predominantly >0.5 mm crystals 
that decrease in quantity from the IPZ to OPZ as crystal shape becomes increasingly euhedral with few-
er fractures (Figure 2.5j). Moreover, galena, dolomite, and minor quartz, magnetite and sphalerite inclu-
sions also become less prevalent in pyrite away from the vein. Pyrite {100} and {111} faces show weak 
preferred orientation oblique to both the x- and y-direction (Figure 2.6a). Dolomite in the mineralisation 
zone is anhedral, with smaller crystals than its vein counterpart, most well under 1 mm, and surrounds 
pyrite (Figure 2.3; Figure 2.5j). Dolomite has a clear preferred-orientation with {0001} sub-perpendic-
ular to the vein wall (Figure 2.6a). Galena has an infill texture, including the characteristic saw tooth 
cleavage, forming between pyrite and dolomite (Figure 2.5j,k). Chalcopyrite is found along the outer 
boundary of the OPZ as ~0.5 mm anhedral crystals that have a spongy appearance and inclusions of 
galena, dolomite and pyrite (Figure 2.5k). Chalcopyrite grains a spatially associated with galena, the 
rounded edges of which are in contact with galena (Figure 2.5h,k). Sphalerite grains are between 0.5 
and 0.8 mm, anhedral with rounded edges, and contain inclusions of galena and pyrite. Sphalerite is 
concentrated at the inner edge of the IPZ and outer edge of the OPZ, surrounded by galena (Figure 2.5l). 
Trace elements that spatially correlate with pyrite (high Fe + S intensities) include Cu, Ni, Co, As and 
Ti (Table 2.1; Figure 2.7; Figure 2.2S). Zoning of As, Ni, and Co is visible in pyrite, where Ni and Co 
are concentrated at the centre of pyrite grains (Figure 2.7). Quantitative analysis shows trace elements 
concentration are similar between grains in the IPZ and OPZ (Table 2.3). Pyrite grains in the IPZ hosts 
Cu and Pb with mean values over 1000 ppm, maximums of 13280 ppm and 198000 ppm, respectively. 
The grains also hosts mean concentrations of Ni, Zn and As above 100 ppm, and Co and Ag above 10 
ppm. Some high values of 460 ppm Co, 870 ppm Ni, 3720 ppm Zn, 926 ppm As, 640 ppm Ag and up to 
5 ppm Au have been recorded in IPZ pyrite. Pyrite in the OPZ is host to high concentrations of Cu, with 
a mean value of 3494 ppm and a maximum of 9400 ppm. Mean concentration of trace elements above 
100 ppm include As and ppm, and Co, Ni, Zn, Ag and Sb above 10 ppm. Pyrite in the OPZ include 
maximum concentrations of 245 ppm Co, 680 ppm Ni, 670 ppm Zn, 70 ppm Zn, 2900 ppm Pb and 0.45 
ppm Au, significantly lower than in IPZ pyrite. However, maximum concentrations of 1270 ppm As and 
2370 ppm Sb in OPZ pyrite are much higher than in IPZ pyrite. 
Trace elements which spatially correlate with PZ dolomite (high Ca + Mg intensities) include Mn, Sr, 
In, Er, Eu, Nd and Yb (Table 2.1; Figure 2.7; Figure 2.2S). Quantitative data shows dolomite incorpo-
rates minor element quantities of Mn (2.4-4.3 wt. %) as well as Fe (~4000-6300 ppm), Sr (13-582 ppm) 
and In (1.2-47.5 ppm) (Table 2.2). Chondrite-normalised REE profiles show a concave-up profile and 
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strong positive Eu anomaly (Figure 2.8), as in the vein. Chalcopyrite grains in the PZ (high Cu + Fe + 
S intensities) are spatially associated with high intensities of In and Sn (Table 2.1; Figure 2.7; Figure 
2.2S). Quantitative analysis indicates chalcopyrite in the OPZ incorporates mean concentrations of Pb 
above 100 ppm and Zn above 10 ppm (Table 2.3). Tin concentrations in chalcopyrite are slightly high 
in this zone, compared to others, with maximum values of 19 ppm recorded. Sphalerite grains in the PZ 
(high Zn + S intensities) are spatially associated with high intensities of In (Table 2.1; Figure 2.7; Figure 
2.2S). Quantitatively, sphalerite in the IPZ incorporates mean concentrations of Cu, Cd and Pb above 
1000 ppm, Co and Ba above 100 ppm, and Ti and Ag above 10 ppm; some very high values of Ba (2680 
ppm) and Pb (32900 ppm) have been recorded. Sphalerite in the OPZ incorporates mean concentrations 
of Cu, Cd, Sb and Pb above 1000 ppm, Co and Ag above 100 ppm, and Ti, As and Sn above 10 ppm 
(Table 2.3); some very high values of Cu (24000 ppm) and Sb (3120 ppm) have been recorded. 
2.5.6 Galena Zone (GZ)
The galena zone is the outermost mineralisation zone and consists of galena along with quartz and 
minor sphalerite and barite. Galena is anhedral with interlocking ≤1 mm crystals (Figure 2.3b) and a 
characteristic saw-tooth cleavage (Figure 2.5k,l). There is no simple orientation relationship between 
the galena grains and the geometry of the vein (Figure 2.6a). Sphalerite is the second most abundant 
sulphide in GZ and is anhedral with grain sizes between 0.5 and 0.8 mm, edges rounded in contact with 
galena (Figure 2.5l). Occasional barite can be seen throughout the zone and small (<100 µm), anhedral 
grains of dolomite, magnetite, chalcopyrite, barite and pyrite dot around the indistinct boundary be-
tween GZ and host-rock (Figure 2.3). 
Galena in the GZ (high Pb + S intensities) is spatially associated with high intensities of Ag, Sb, Bi and 
Tl (Table 2.1; Figure 2.7; Figure 2.2S). Quantitative analysis indicates that sphalerite in the zone incor-
porates mean trace element concentration of Cu, Cd, Sb and Pb above 1000 ppm, Co and Ag above 100 
ppm, and Ti, As and Mo above 10 ppm (Table 2.3); some high values of As (296 ppm), Mo (111 ppm) 
and Sb (10740 ppm) have been recorded. 
2.6 Discussion
2.6.1 Deformation, fracture formation and crystal growth
Within the vein, large euhedral crystals of dolomite and quartz indicate that the extensional fracture 
remained open long enough for the crystals to grow and fill the fracture space, which is possible under 
hydrostatic pressures that prevail in the shallow crust (Oliver and Bons 2001). Lower supersaturation 
leads to slower growth rates and larger crystals seen in AB60A_35, whereas poor mixing may result 
in the range of grain morphologies (Li et al. 2007). Infiltrating ore fluids often utilise previous fluid 
pathways by the reopening of brittle fractures (Bons et al. 2012) yet there is little evidence that multi-
ple fluid pulses have been through the vein in AB60A_35. The preferred alignment of vein quartz and 
dolomite faces sub-parallel and sub-perpendicular to the vein (Figure 2.6) show that these crystals were 
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not subject to shearing during growth or subsequent deformation (Bons et al. 2012). However, fractures 
and inclusion trails in quartz (Figure 2.5d), and overprinting Sr-rich fractures in vein dolomite (Figure 
2.3; Figure 2.7) extend the duration of brittle deformation to post-date fluid influx and the main miner-
alisation. Quartz grains in the DHR show a weak preferred orientation oblique to the vein wall (Figure 
2.6). Growth zoning in DHR quartz (Figure 2.5b,c) indicates that any earlier fabrics have been at least 
partly obscured by recrystallisation. Magnetite grains have a distinct preferred orientation parallel to 
the vein walls (Figure 2.6a) which could indicate free growth along a direction of lowest stress parallel 
to the y-direction or the result of slow growing facets outgrowing faster growing facets during lateral 
fluid flow (Hilgers and Urai 2002). Other minerals in the mineralisation zone, including pyrite, hema-
tite and galena, show very poor preferred orientation whereas PZ dolomite has a preferred orientation 
sub-parallel to the x-direction (Figure 2.6). Crystal growth around a vein is comparable to colloform 
crystal growth in which the preferred orientations of growing crystals switches due to changes in fluid 
conditions such as temperature, supersaturation or redox conditions (Alonso-Azcárate et al. 2001; Bar-
rie et al. 2009a; Barrie et al. 2009b). 
2.6.2 Mineral trace element chemistry, distribution and enrichment
The partitioning of most of the trace elements between coexisting phases can be explained using Gold-
schmidt’s rules of substitution (Goldschmidt 1937, 1954; Ringwood 1955) which imply that the trace 
element composition of most minerals is directly related to the major element composition and lat-
tice structure. Figure 2.9 portrays the compatibility of trace elements into minerals, represented by the 
Figure 2.9: Element compatibility diagrams showing groups of metals classified by similar covalent and ionic indexes where 
X is electronegativity, r is ionic radius and Z is ionic charge (Neiboer and Richardson 1980). Atoms plotting with similar 
electronegativity will behave similarly when bonding from solution and atoms of similar charge and ionic radii are more likely 
to substitute for each other. Therefore the clustering of spots indicate the most favourable trace element substitutions for major 
elements (bold, red marker) in a particular mineral.
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clustering of elements around major elements such as Fe in pyrite, chalcopyrite and iron oxides, Cu in 
chalcopyrite, Zn in sphalerite, Pb in galena and Ca and Mg in dolomite. The most compatible elements 
behave similarly during bonding or substitution due to their similar electronegativity, ionic charge and 
ionic size. The distribution of metals into the three partitions (Figure 2.9) is also reflective of Pearson’s 
Hard/Soft Acid/Base (HSAB) principle (Pearson 1963) which predicts that hard acids (e.g. Na+, K+, In+, 
Fe3+, Si4+, Mo4+, W4+) will preferentially bond with hard bases (e.g. OH−, CO3
2-, HCO3, SO4
2-), whereas 
soft acids (e.g. Au+, Ag+, Cu+) will preferentially bond with soft bases (HS-, H2S). The top and bottom 
sections in Figure 2.9 reflect the mobility of hard acids forming quartz and dolomite, and soft acids 
responsible for galena trace element composition, respectively. The major element composition of the 
vein ore mineralisation is predominantly Fe-Pb-Cu-Zn (Table 2.4), borderline using the HSAB prin-
ciple. These metals bond with both hard and soft bases as well as Cl-, common in brines (Tornos and 
Heinrich 2008; Williams-Jones and Migdisov 2014). 
Quartz, which is generally low in trace elements, incorporates Al, K, Na and Rb (Figure 2.7). Substi-
tution of these elements into quartz, if they are incorporated into the lattice is most likely to be paired 
to account for the charge difference (Rusk et al. 2008). However the composition of trace elements in 
quartz and a significant concentration of whole rock Al2O3 (Table 2.4) points to the influence of felspath-
ic chemistry and probable inclusions.
Dolomite incorporates Mn in major element concentrations, Sr between ten and hundreds of ppm, and 
In, Y and some LREE up to tens of ppm (Table 2.2). Sr and Mn form a cluster around Ca and Mg (Figure 
2.9) suggesting cation exchange is possible. Other trace elements with +3 and +2 valencies, including 
In3+, may have substituted for Fe3+ and Fe2+/Mg2+ respectively (Figure 2.9). Vanadium is found in sev-
eral valency states yet its incorporation into dolomite (Figure 2.7) suggests lower valencies of V3+ or 
V4+ substituting for Fe2+ or Fe3+. Zoning of V in vein dolomite likely reflects the dependence of V on 
changing oxygen fugacity of the fluid from which it is precipitating (Bordage et al. 2011; Nadoll et al. 
2014), with more reducing environments resulting in a greater V deposition. The majority of REE have 
a +3 change, higher than the +2 charge of Ca and Mg, but have a similar ionic size and electronegativity 
(Figure 2.9). Anomalies in Eu and Ce are produced because of the change in oxidation states and ionic 
size of these two elements compared to their neighbour REE, which is dependent on the physico-chem-
ical conditions of the fluid (Bau and Möller 1992). The similar trace element content in the vein and PZ, 
and REE profiles, indicates similar physico-chemical conditions across the vein and PZ zone. The vein 
and IPZ incorporates slightly more Sr, Ba and W compared to the OPZ (Figure 2.10), however. 
Qualitative trace element mapping indicates hematite incorporates Mo, Al, V, In, Ce and Nd whereas 
magnetite includes Co, Ni and V (Figure 2.7). In both iron oxides, trace element content reflects sub-
stitution into the lattice via cation exchange, V3+, Co2+ and Ni2+ substituting for Fe2+, and Al3+, V3+/V4+, 
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Figure 2.10: Spider diagrams for each mineral analysed during the LA-ICP-MS spot run showing the mean concentrations 
(ppm) in bold for each zone and the relative enrichment and depletion of trace elements between zones.
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Ce3+/Ce4+, Nd3+, Mo3+/Mo4+ and In3+ substituting for Fe3+ (Dare et al. 2012; Nadoll et al. 2014). Vana-
dium3+ is the dominant oxidation state in magnetite although the V4+/V3+ ratio is dependent on the Fe3+/
Fe2+ ratio in magnetite (Bordage et al. 2011). 
In pyrite, most trace elements found in concentrations above 10-100 ppm, including Co, Ni, Cu, Zn 
and Pb cluster around Fe2+ (Figure 2.9) reflecting their ability to substitute via cation exchange. Some 
trivalent elements may substitute for Fe3+ in pyrite, such as As3+ or Sb3+. Arsenic may also substitute for 
S or Fe in pyrite, depending on the physico-chemical conditions (Reich et al. 2013). Most studies report 
Ni, Co, As and Se present in pyrite structure whereas Cu, Zn, Pb, Bi, Sb, Tl, Mo, As and Cd may be 
hosted in the structure or as inclusion, and Ti, Ba, Sn, W and Cr are usually hosted in inclusions (Large 
et al. 2009; Deditius et al. 2011; Reich et al. 2013; Deditius et al. 2014; Large et al. 2014). In sample 
AB60A_35, DHR pyrite incorporates high Co, Ni, Cu, As, Pb (10-1000s ppm), Mo (10-100s ppm), Sb, 
Zn, Ag, W (1-10s ppm), Au (0-3 ppm), low Se, Cd, Sn, Tl, Bi, Cr (<1 ppm). DHR pyrite is the most 
enriched out of pyrite analysed and includes, on average, the highest concentrations of Co, Ni, Cu, 
As, Pb, Mo, W and Au (Figure 2.10). High concentrations of As (mean ~200-2000 ppm) are common 
in sedimentary pyrite, pyrite in SEDEX deposits, orogenic gold deposits and magmatic-hydrothermal 
deposits (Reich et al. 2013; Gregory et al. 2015; Belousov et al. 2016; Mukherjee and Large 2017). Ar-
senic-rich pyrite is commonly linked to invisible gold (Reich et al. 2005; Deditius et al. 2008; Large et 
al. 2009; Tauson et al. 2010; Fougerouse et al. 2016); Au and Ag can also be incorporated into pyrite as 
Au nano-inclusions or inclusions of electrum or sulphosalts during cooling of hydrothermal fluid (Ded-
itius et al. 2014; Fougerouse et al. 2016). Pyrite is the dominant host of Au in AB60A_35 (0.01-5 ppm; 
Table 2.3) and there are strong correlations between Au and Ag, As, Cu, Sb, Tl and Se in DHR pyrite 
(Figure 2.11a-f). The correlation between these elements and Au, as opposed to As-Au, indicates that Au 
is hosted as both electrum and sulphosalts and transported in near-neutral, reduced fluid, deposited by 
oxidation (Reed and Palandri 2006; Deditius et al. 2011). Diagenetic pyrite has been shown to contain 
relatively large concentrations of trace elements, trapping them during burial and reduction (Rimmer 
2004; Scholz and Neumann 2007; Large et al. 2009; Large et al. 2014). A study on sedimentary (black 
shale) pyrite indicates high As, Ni, Pb, Cu and Co (100-1000s ppm) content, as well as Mo, Sb, Zn, 
Se (10-100s) and Ag, Bi, Te, Cd, Au (0.01-10 ppm) (Gregory et al. 2015). SEDEX pyrite incorporates 
average concentrations of As, Zn, Pb, Cu, Ni (100-1000s), Co, Sb, Mo, Tl (10-100s), Se, Bi, Ag (1-
10s), interpreted to show redox sensitive incorporation of Mo, Ni and Se from sediment host rock and 
Zn, Tl, Cu, Pb, Ag and As added during exhalation (Mukherjee and Large 2017). High Mo content in 
VHMS systems is often attributed to interaction with sea water, whereas high levels of Se, Zn and Bi 
are attributed to sediment interaction (Keith et al. 2016;  Belousov et al. 2016) and sometimes mafic 
volcanics (Huston et al. 1995). DHR pyrite shows similarities with many of the sedimentary-hosted 
pyrite compositions yet is distinctly lacking in Se, Tl and Bi pointing to depletion of these element from 
the sediments during diagenesis or DHR pyrite a product of hydrothermal.
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Figure 2.11 Element correlation trends with regression lines and R2 (residual squares) values. Robust regression calculations 
in Iolite have been used to calculate trends. The algorithm used is the Least Median of Squares (LMS) method described in 
Rousseeuw et al. (1987) and randomly selects many sub-groups in the sample group and determines a regression equation for 
each sub-group, then used to calculate R2 for the entire data set. Coloured lines indicate mineral trends in IPZ pyrite (yellow), 
OPZ pyrite (orange), DHR pyrite (blue) and GZ sphalerite (black).
Vein pyrite in AB60A_35 incorporates high Cu, Pb, As, Sb, Zn, Ag (10-1000s ppm), moderate Co, Ni 
(10-100s ppm), low Se, Mo, W, Bi, Cr, Tl, Sn (<1 ppm) and variable Au (0-5 ppm). The OPZ pyrite has 
particularly high Sb, whereas IPZ pyrite is enriched in Zn and Ag (+some high Au) compared to other 
pyrite (Figure 2.10). PZ pyrite shows generally poor correlation between Au and As, Cu, Tl and Se 
(Figure 2.11b,c,e,f) but good to strong between Au, Ag and Sb (Figure 2.11a,d) pointing to inclusions 
of electrum and reducing conditions. High Sb and correlations between Sb-As and Sb-Au is found in 
orogenic gold deposits (Belousov et al. 2016) yet these deposits show a coupling of Au and As (Deditius 
2014, Fougerous 2016; Reich 2013) that is lacking in AB60A_35. Initial saline fluid in epithermal de-
posits associated with rhyolitic magmas contains Co, Ni, As, Ag (10-1000s ppm), Cu, Pb, Zn (10-100s 
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ppm), Sb (2-100 ppm), Mo, Sn (4-7 ppm), Tl, Bi, Au (<5 ppm) (Kouhestani et al. 2017) and polymetal-
lic stockwork and massive ore lenses contain Cu (1300-8700 ppm), Pb (700-42300 ppm), Ag (400-5100 
ppm) but low Sb and As (below detection limit) (Pačevski et al. 2012). All of these deposits, while 
similar in base-metal content, are lacking in high Sb found in AB60A_35 vein.
Chalcopyrite does not incorporate many trace elements and only shows concentrations of Zn and Pb 
into the hundreds of ppm and Ag, Sn, Sb and W up to the tens of ppm; ~800 ppm for one analysis of W 
(Table 2.3). Chalcopyrite is not purely ionic, and the covalent nature of the mineral means that predic-
tion of trace element incorporation through Goldschmidt’s Rules are not always accurate. Despite this, 
Zn and Pb plot close to Cu2+, Fe2+ and Fe3+ suggesting that direct substitution via cation exchange is 
possible (Figure 2.9). High Pb content is found in chalcopyrite from metamorphosed and recrystallised 
syngenetic sulphide ore as well as in VMS and porphyry, whereas similar concentrations of Sb and Sn 
(~10 ppm) are most common in SEDEX-style deposits, and Zn and Ag is usually high in chalcopyrite 
Figure 2.11 continued.
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from SEDEX, VMS and epithermal deposits (100-1000’s ppm) (George et al. 2017). The low content 
in AB60A_35 chalcopyrite is most likely due to the preferential uptake of Zn by sphalerite and Ag by 
galena. Chalcopyrite in the DHR is depleted in trace elements compared to chalcopyrite in the miner-
alised zone, HZ chalcopyrite is relatively enriched in Ba, Mo and W and OPZ chalcopyrite incorporates 
slightly higher mean concentrations of As, Sn and Pb (Figure 2.10). Tungsten, Ba and Mo are seldom 
found in detectable quantities in LA-ICP-MS methods (George et al. 2017) indicating the presence of 
W-, Ba- and Mo-rich inclusions in HZ chalcopyrite. These could be hematite inclusions with Mo and 
barite inclusions, the later found in greater concentrations in the HZ. Scheelite has been identified by 
(Pirajno et al. 2016) associated with black ore at Abra (galena, specular hematite) and may be present 
as the W-rich inclusions in chalcopyrite in the HZ. 
Sphalerite incorporates Fe, Cu, Pb and Cd up to thousands of ppm, Sb in the hundreds of ppm, up to 
~1000 ppm, and Co and Ag up to tens of ppm (Table 2.3; Figure 2.10). Iron (Fe2+) is common in sphaler-
ite, stoichiometrically replacing Zn2+ in the crystal structure whereas Cd2+ commonly substitutes for Fe2+ 
(Ye et al. 2011). Cobalt, Cu, Ag and Pb cluster around Fe2+ (Figure 2.9) yet Pb is a common component 
of inclusions and Cu and Sb are taken into the sphalerite lattice via coupled substitution with In, Ag 
and Sn, or are also contained as inclusions (Cook et al. 2009b; Ye et al. 2011; Lockington et al. 2014; 
Kołodziejczyk et al. 2016). Sphalerite with high Cd is associated with sedimentary-hosted base-metal 
deposits (Wen et al. 2016) and high Cu and Fe can be found in sphalerite from SEDEX-style Pb-Zn 
deposits (Ye et al. 2011). Such high Pb is less common yet similar concentrations can be present in 
some Mississippi-Valley type carbonate systems and sediment-hosted Jinding deposits (Ye et al. 2011). 
Antimony content up to ~1000 ppm is even more unusual and has been recorded in sphalerite associated 
with galena and ankerite in breccia veins formed during post-tectonic Neoproterozoic shortening in the 
Alcudia Valley (Palero-Fernández and Martín-Izard 2005). Barium (Ba2+) is enriched in the IPZ as it 
was in HZ chalcopyrite and vein/IPZ dolomite (Figure 2.10). Ionic radius seems to be the primary factor 
affection substitution into sphalerite (George et al. 2016) pointing to Ba hosted in inclusions.
Galena incorporates Ag, Sb, Bi and Tl (Table 2.1; Figure 2.7), and high values of these trace elements 
in other minerals are linked with numerous galena inclusions throughout the mineralisation zone, indi-
cated by extremely high Pb contents (Table 2.3). Correlation between Ag-Pb and Ag-Sb is often noted, 
due to coupled substitution of Ag+ and Sb3+ for 2Pb2+, or Bi3+ and Tl3+ in place of Sb (Blackburn and 
Schwendeman 1977; Deditius et al. 2011; George et al. 2015).
2.6.3 A sedimentary source of metals
The trace element geochemistry in the vein and mineralisation zones is indicative of a sedimentary 
source of metals. Europium anomalies in the vein and PZ dolomite (Figure 2.8) are often used as evi-
dence of feldspar alteration (Sverjensky 1984; MacRae et al. 1992). Feldspar alteration can be seen in 
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the wall rock with chlorite halos surrounding grains (Figure 2.5f) and there is a lack of feldspar in the 
mineralised core compared to surrounding unmineralised host rock. Trace elements such as the Co/Ni 
ratio in pyrite are commonly used as a fluid source indicators (Koglin et al. 2010; Zhang et al. 2014). 
Most AB60A_35 pyrite values are below Co/Ni = 2 (Figure 2.12) indicate a sedimentary origin (Lof-
tus-Hills and Solomon 1967; Ryall 1977; Bralia et al. 1979; Gregory et al. 2015). Dissolution of the host 
rock surrounding the vein may provide some components of the vein and mineralisation zone, yet high 
concentrations of Pb (5 wt. %), Cu (0.1 wt. %), Zn (0.4 wt. %) and Fe (8.6 wt. %) present (Table 2.4) 
indicates introduction of metals from the infiltrating fluid. 
The Kiangi Creek Formation host rocks at Abra, containing AB60A_35, largely consists of quartz and 
variable quantities of feldspar, carbonate, chlorite, barite, mica, pyrite and accessory minerals whereas 
the Irregully Formation below is host to higher quantities of carbonate, chlorite, mica and disseminated 
pyrite. Many of these minerals have the potential to host base-metals in minor quantities. Diagenetic 
pyrite is a primary host for a wide range of base metals and precious metals including Pb, Zn, Cu, 
Ag and Au (Hanor 1979; Machel 2001; Large et al. 2007; Mukherjee and Large 2017). Disseminated 
DHR-pyrite, incorporates higher concentrations of Co, Ni, Cu, As, Mo, W, Au, Tl and Pb compared to 
PZ-pyrite (Figure 2.10). If disseminated pyrite in the host rock sedimentary are similarly enriched, they 
may have been mobilised during later hydrothermal events. Chlorite has been found to host a range 
of metals as trace, minor and major elements including Zn, Pb, Cu, Mn, Ti, Ba, Co, Ni (Dodge 1973; 
Wilkinson et al. 2015) and feldspar, carbonate and mica, along with common Fe-Ti accessory miner-
als, can contain several hundred to several thousand ppm of Zn, Pb  (Hammerli et al. 2015; Cave et 
al. 2017; Kontonikas-Charos et al. 2017). Diagenesis and hydrothermal metasomatism in the Edmund 
Basin sediments surrounding Abra could have involved the liberation of trace element-rich authigenic 
minerals and the mobilisation of base metals into fluid phases, which has subsequently precipitated into 
veins elsewhere upon mixing with meteoric or diagenetic fluids, addition of reduced sulphur or change 
in physico-chemical conditions (Cooke et al. 2000; Hammerli et al. 2015). High sulphur isotope ratios 
Figure 2.12: Elemental scatter diagrams showing poor correlation between Au – Co/Ni (a) and Au – As (b) in PZ pyrites (orange 
and yellow) but a strong positive correlation with DHR pyrites (blue).
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(δ34S 25.04±6.1 ‰) indicate a reduced sedimentary sulphate source of sulphur (Meadows et al. 2018). 
Previous workers at Abra have invoked a sedimentary source of metals involving sulphur-poor metal-
liferous brines sourced from siltstones, shales and evaporates mixing with reduced sulphur in the host 
sediments (Vogt 1995; Austen 2007; Pirajno et al. 2016).
2.6.4 Temperature of mineralisation
Mineral precipitation and the compatibility of some trace elements is dependent on temperature. Posi-
tive Eu anomalies in carbonates develop at temperatures exceeding 200°C (Bau and Möller 1992) yet 
they can also be produced in low temperature deposits that source fluid and REE content from fluid-rock 
interactions at high temperatures (Bau and Möller 1992). The incorporation of Ag into galena via cou-
pled substitution of Ag+ and Sb3+ for 2Pb2+ occurs between the temperatures of 240 - 380°C (Deditius et 
al. 2011) yet the high concentrations of Cd (4870-10280 ppm) found in the Abra vein sphalerite points 
to relatively low (<250°C) temperatures of mineralisation because low temperatures favour Cd2+ sub-
stitution for Zn2+ (Wen et al. 2016). The Cd:Zn ratio in sphalerite and chalcopyrite across the minerali-
sation zone, ranging between 0.009 and 0.012 (Table 2.3), is most similar to those found in epithermal 
deposits studied in George et al. (2017) at temperatures between 200 and 400°C. 
The Fe/Zn ratio in sphalerite has been suggested as a geothermometer (Scott and Barnes 1971); (Keith 
et al. 2014). Calculations using sphalerite Fe/Zn ratios from Keith et al. (2014) indicate temperatures 
in AB60A_35 sphalerite, within the mineralisation zones, averaging around 262°C. Buffering by coex-
isting pyrite or pyrrhotite will determine the concentration of Fe, limiting the use of the ratio. However, 
sphalerite coexisting with pyrite has been found to contain a mean 7.22 mol. % FeS with about 2 mol. 
% variation either side (Cook et al. 1994), indicating that values of 2.7-3.2 wt.% Fe in Abra (Table 2.3) 
sphalerite are reasonable. Despite this, this temperature estimate is a minimum due to stoichiometric 
values of Zn being assumed. Furthermore, the equation in (Keith et al. 2014) was mainly applicable 
to sediment-starved systems, although Fe/Zn ratios in this study are low enough that the discrepancy 
in temperature estimates from sediment-covered deposits is at a minimum. A minimum temperature of 
262°C is within the range indicated by the trace element content and is close to the lower estimates from 
previous work on fluid inclusions and stable isotope thermometers indicate stringer zone temperatures 
between 290-360°C (Austen 2007; Pirajno et al. 2016). 
2.6.5 Chemistry of the mineralising fluid
The major cations that make up the vein, mineralisation and surrounding wall rock include Si (74.4 wt. 
%), Fe, S and Pb (~5-10 wt. %), Al, Mg and Ca (~1 wt. %), Ba (0.17 wt. %) and other economic base 
metals Zn and Cu at 0.38 wt. % and 0.13 wt. %, respectively (Table 2.4). The relative proportions of 
precipitating sulphides is both a representation of the concentration of cations and the likelihood of the 
reaction taking place (Ohmoto 1996). The polymetallic mineralogy of the Abra vein points to a mixed 
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ligand fluid with sulphur species being a primary constitute (5.6 % SO3) (Table 2.4). A high LOI of 7.7 
wt.% indicates high total volatile content in the ore fluid, most likely a mixture of H2O, CO2, Cl
- and 
H2S/HS
- (Lechler and Desilets 1987), precipitating carbonate, oxides and sulphides. Zinc and Ag is 
transported dominantly as a chloride complex in most hydrothermal fluids (Mei et al. 2015). The low Zn 
content at Abra deposit may indicate low concentrations of available chloride ligands. Gold is transport-
ed with HS- and H2S (Williams-Jones and Migdisov 2014) and Cu is best transported in mixed-ligand 
fluids (Mei et al. 2013). At neutral to alkaline and reduced conditions, favourable for high carbonate 
content seen in the vein, Cu will be transported with HS- and not Cl- (Williams-Jones and Migdisov 
2014). 
Bau and Möller (1992) described convex REE profiles with a pronounced positive Eu anomaly, sim-
ilar to that seen at Abra, in hydrothermal Mg-carbonates. They suggest fluid-rock interactions at high 
temperatures (>200°C), reducing and slightly acidic conditions, may mobilise Eu2+ and REE, later 
precipitating by metasomatism at low temperatures liberating Mg2+ and REE3+, resulting in increased 
alkalinity. The absence of a significant Ce anomaly in dolomite (Figure 2.8) also points to a reducing 
environment of growth and indicates a hydrothermal origin of dolomite rather than replacement of sed-
imentary carbonate (Bau and Möller 1992).
2.6.6 Host rock buffering and symmetrical zonation
Reduced, acidic to near-neutral brines are common in sedimentary-hosted deposits transporting Pb-Zn 
and Ba (Cooke et al. 2000; Leach et al. 2004; Leach et al. 2005; Leach et al. 2010) and result in the 
precipitation of coexisting of sulphides, oxides and carbonates (Figure 2.13) (Strel’tsova 2009). The 
symmetrical zoning in the mineralisation zone in AB60A_35 is a product of the ore fluid chemistry, 
fluid-rock interactions and the geochemical potential of precipitating phases (Korzhinski 1968).
Magnetite and pyrite precipitation indicates Eh-pH conditions around the pyrite-magnetite buffer, mod-
erately reducing and slightly acidic to near-neutral pH (Figure 2.13.1-2). Textural evidence points to 
magnetite preceding hematite (Figure 2.5h) indicating an increase in oxidation causing the transforma-
tion between Fe2+ to Fe3+ (Swaddle and Oltmann 1980; Frost 1991; Cornell and Schwertmann 2003). 
The increase in oxidation has also resulted in the deposition of barite (Figure 2.13.3) and W-rich inclu-
sions in chalcopyrite.
 
Into the vein wall, the reaction of carbon-complexes and ferrous iron in the host rock with the met-
al-ligand containing solutions increases the pH through buffering with the host rock, promoting zoned 
mineral precipitation: dolomite and pyrite in the inner mineralised zones, and galena and sphalerite in 
the outer mineralisation zones (Figure 2.13.4). Quartz also becomes less soluble with increasing pH 
(Smith 2007; Lier et al. 1960) shown by the increase in precipitation in the outer mineralisation zones 
and DHR. 
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George et al. (2017) noted a correlation between Zn and Cd in chalcopyrite and sphalerite, which is 
also mirrored in this study (Table 2.3). The ratio of Cd:Zn is related directly to the ratio in the ore fluid 
but is also affected by physico-chemical conditions including temperature, pH and fS2 (George et al. 
2017). The Cd:Zn ratio in chalcopyrite ranges from 0.0089 in the HZ, increasing to 0.0097 in the OPZ 
and 0.0117 in the DHR (Table 2.3). Sphalerite Cd:Zn ratio follows an opposite trend from 0.0123 in the 
IPZ, decreasing to 0.0110 in the OPZ and 0.0107 in the DHR (Table 2.3). The closeness of ratio values 
indicates that chalcopyrite and sphalerite precipitated from the same fluid, yet the slight change in ratios 
between the vein and the wall rock indicates a gradational change, such as an increase in pH, affecting 
each mineral in the opposite way.
Figure 2.13: Schematic model of symmetrical zonation in 
the Abra ore vein relating to changes in physico-chemical 
conditions displayed on the phase diagram. The phase 
diagram compares pH to log fO2, highlighting stability fields 
for oxide and sulphide minerals (heavy solid and dashed 
lines), mineral solubility in dotted lines, and predominant 
complexing species in grey, taken from Klein et al. (2009) who 
modified diagrams from Romberger (1990) and Wood (1998). 
Mineral abbreviations are bn = bornite, ccp = chalcopyrite, 
hem = hematite, mag = magnetite, Ksp = K-feldspar, musc = 
muscovite, po = pyrrhotite and py = pyrite.
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A decrease in pressure or temperature, or dilution with H2O, can promote deposition of sulphides in 
veins, but pH increase is more effective and common in natural silicate systems during buffering and 
dilution with the host rock and minerals such as carbonate, chlorite, pyrite and iron oxide (Henley 1973; 
Barnes 1979; Hemley et al. 1992; Reed and Palandri 2006; Smith 2007). The mineralogical zoning 
around the vein, from hematite-chalcopyrite-barite assemblage through to galena-sphalerite assemblage 
is most simply explained by a gradient of pH into the host rock, from slightly acidic to slightly alkaline 
respectively, with oxidation playing a role in the HZ. Changing fluid conditions affects trace elements 
in the same way it affects major elements and the mineralogy precipitated. This is shown by zoning of 
trace elements: Ba-W-Mo trace elements in the more oxidised hematite zone, and high Sb in the outer 
pyrite zone and outermost mineralised galena zone. 
2.7 Conclusion and implications for exploration
There have been few studies into the partitioning of trace elements between co-existing sulphides, 
oxides and carbonate. This study records quantitative and qualitative trace element compositions and 
distributions in coexisting pyrite, chalcopyrite, sphalerite and dolomite, and qualitative compositions of 
quartz, hematite, magnetite, barite and galena, in a base-metal vein and mineralisation zone. 
Most trace elements are incorporated by substitution for major elements due to their similar charge, size 
and electronegativity. Some are present in mineral inclusions as indicated by very high concentrations 
(e.g. Pb) or incompatibility (e.g. Ba). The infiltrating fluid was relatively reducing and near neutral 
with significant concentrations of reduced sulphur available to transport ore metals. Metals and ligands 
are most likely sourced from the host sedimentary basin and precipitation of ore minerals occurred in 
moderate temperatures between ~262-350 °C. The symmetrical mineral zoning either side of the vein 
is created by fluid-rock reactions precipitating minerals according to an overall gradient of increasing 
pH into host rock. An increase in oxidation has resulted in the precipitation of hematite at the vein-wall 
rock boundaries and narrow polymineralic sub-zones within the mineralised zone indicates localised 
fluctuation in pH and oxidation. The study on this vein has shown that trace element distribution in 
zoned mineralisation is related to the physico-chemical conditions creating the zonation. 
Element correlations indicate a prominent relationship between Au-Ag-Sb, in pyrite, chalcopyrite and 
sphalerite in the mineralisation zone, despite variation in trace element concentration. Moreover, Sb 
strongly correlates with Au and Ag in all sulphides indicating that it could be a potential pathfinder ele-
ment for the precious metals within disseminated and vein mineralisation at Abra. The lack of correla-
tion between As and Au or between Co/Ni and Au in mineralisation zone pyrite is important to note as 
the former elements are often used as an indicator of Au. This study suggests that a correlation between 
As or Co/Ni and Au is indicative of disseminated pyrite and not vein-ore pyrite in this study. 
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While not intended to be representative of all veins at Abra, interpretations drawn from the vein studied 
can be used to infer ore-forming conditions which have caused that type of vein. It is important to be 
able to distinguish and interpret individual ore-forming events within complex overprinting systems 
such as Abra, since it is likely that different vein sets were formed from different fluids and under dif-
ferent conditions. Further study should include using the methods and techniques outlined in this paper 
to look at other vein sets at Abra, thus building a picture of the multiple fluid events that have created 
the deposit. 
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Isotopic constraints on fluid evolution and ore precipitation in a sediment-hosted Pb-Ag-Ba-Zn-
Cu-Au deposit in the Capricorn Orogen, Western Australia
Abstract
The Abra Pb-Ag-Ba-Zn-Cu-Au deposit in the Capricorn Orogen, Western Australia is primarily a lead 
and silver resource currently estimated at 47.8 Mt (indicated and inferred) of 7.3-10.1 % Pb and 18-28 
gt-1 Ag, although significant Cu-Au zones are also identified. The deposit is unique within sediment-
hosted Pb-Zn deposits for its low Zn content, significant Cu-Au zone and high Fe content, providing 
a case study where the source of fluid and ore-forming processes are contentious. The combination of 
whole-rock hydrogen and oxygen isotope data, in situ oxygen isotope data in quartz, and in situ sulphur 
isotope data of pyrite and chalcopyrite, has been used to reconstruct a complex history of overprinting, 
involving stages of sedimentation, diagenesis and hydrothermal activity. The host sedimentary rocks 
consist of detrital quartz (δ18O ~11-18 ‰) and whole rock δ18O values (~9-16 ‰) reflecting the 
combined composition of detrital and authigenic minerals, diagenetic-metamorphic exchange, chlorite 
and iron content. Quartz in recrystallised chemical sedimentation, quartz cementation, and quartz-barite 
veins at low temperatures (~100-250°C) involved predominantly surface and formation fluids with 
a wide range of fluid δ18O values between ~-5 ‰ and 2.6 ‰. Quartz in chloritized host rock with 
disseminated pyrite and chalcopyrite-galena veins at 250-320 °C reflect exchange with fluids(s) having 
a narrow range of δ18O values (~5-9 ‰), most likely formation fluids. The fluid responsible for iron 
oxide, pyrite and polymetallic carbonate veins appears to be a mixture of formation and lighter surface 
fluids, with a range of fluid δ18O values (~0.8-5.5 ‰). In situ sulphur isotopes are consistent with 
reduced seawater sulphate source in all samples, therefore it is likely that metal-rich formation fluids 
have interacted with reduced sulphate in the host sediments to precipitate as sulphide. Mineralisation 
and associated alteration at Abra has caused whole rock δ18O values to decrease in the deposit which 
may be useful as a tool for exploration in similar sediment-hosted base-metal deposits. We have shown 
the combination of different isotopic systems, and utilisation of in situ techniques, can constrain the 
sources and evolution of fluid and sulphur involved in basin formation, hydrothermal alteration and base 
metal mineralisation. Isotopic values can be directly related to different mineral populations within a 
relative temporal framework and can be used to distinguish fluids between multiple events. 
3.1 Introduction
Sediment-hosted base-metal deposits contain much of the world’s Pb and Zn resources, along with 
economically important concentrations of Cu, Au, Ag, Ge, Cd, Ba amongst others (Leach et al. 2005; 
Fontboté et al. 2017). Ore metals are transported by hydrothermal fluids that are derived from a variety 
of sources including seawater, meteoric water, metamorphic and magmatic water (e.g. Pirajno 2009). 
Fluids from different sources contain variable concentrations of cations, including ore metals, and 
complexing ions (Jenner 1996; McLennan 2001; Barnes and Lightfoot 2005) that will be a dominant 
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factor in the type, extent and grade of the deposit (Hedenquist and Lowenstern 1994; Pirajno 2009). 
Therefore, it is essential to identify potential fluid sources to understand the genesis of ore deposits. The 
flow of ore-bearing fluids is linked to the tectonic evolution of a sedimentary basin (Garven et al. 2001; 
Leach et al. 2010), so the ability to recognise fluid sources in discrete precipitation events will enable 
the link between fluid activity and tectonics to be better established in the framework of basin evolution.
The isotope ratios of O, H, C and S in minerals is related to a combination of the source of these elements 
and the dependence of isotope fractionation on variables such as temperature, salinity and mineral 
composition (Horita 1989; Chacko et al. 2001; Horita 2005; Hoefs 2009). There are multiple studies 
using stable isotopes to interpret ore deposits including: Sheppard et al. (1971); Taylor (1974); Ohmoto 
and Rye (1979); Ripley and Ohmoto (1979); Eldridge et al. (1988); Zhensheng and Ligang (1992); Seal 
(2006) Hoefs et al. (1987); Anderson et al. (2004) Wilkinson (2010) Dipple and Ferry (1992); Ripley and 
Li (2003); Yang et al. (2006) Aharon and Fu (2003) amongst many others. Micro-analytical techniques 
such as laser microprobe, secondary ion mass spectrometry (SIMS) and multi-collector inductively-
coupled plasma mass spectrometry (MC-ICP-MS) can analyse isotopes in minerals and fluid inclusions 
in situ with high precision, high spatial resolution, and can target individual minerals using spot sizes 
down to 10 µm (Graham et al. 1996; Bindeman 2008; Hoefs 2015). The ability to distinguish different 
populations of a mineral and their isotopic signatures in situ can be used to link isotopic populations to 
a temporal framework with the possibility of interpreting ore fluid evolution through time. 
This study has been undertaken on the sedimentary-hosted Abra Pb-Cu-Ba-Zn-Ag-Au deposit in the 
Capricorn Orogen, Western Australia.  The genesis of this unique deposit is still contested with different 
interpretations of tectonic environment, the source of fluids, sulphur and metals. Interpretations include 
a magmatic source for the fluids (Vogt and Stumpfl 1987; Weber 1994; Pirajno et al. 2009) and fluid 
mixing involving sea water or meteoric water with basin fluids (Austen 2007). We present a geochemical 
approach combining whole-rock oxygen and hydrogen isotopes with in situ oxygen and sulphur isotope 
data. We use these data to evaluate the source of mineralising fluids and sulphur, the evolution of 
fluid from sedimentary deposition to mineralisation, and the spatial distribution of isotopic values. We 
present scenarios of fluid evolution that could have resulted in the deposition of ore at Abra, associated 
with the temporal tectonic events controlling the basin. 
3.2 Geological background
The Western Australian Capricorn Orogen trends east–west between the Archaean Yilgarn Craton 
to the south, and the Archaean Pilbara Craton to the north, which together form the West Australian 
Craton (Figure 3.1a). The orogen comprises an Archaean gneissic basement, numerous metamorphic 
and igneous suites and thick Proterozoic sedimentary basins, all of which record a prolonged tectonic 
history beginning with the amalgamation of the craton during the 2200 Ma Ophthalmian Orogeny 
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and the 2000-1960 Ma Glenburgh Orogeny, and multiple reworking events that continued into the 
Neoproterozoic (Cawood and Tyler 2004).
The 1830–1780 Ma intracontinental Capricorn Orogen resulted in the emplacement of granitoid bodies, 
as well as extensional reactivation of existing structures, forming accommodation for sedimentary 
deposition that was later filled by the 1620-1070 Ma Edmund Basin (also called Bangemall Supergroup; 
Figure 3.1a) (Martin and Thorne 2004; Martin et al. 2008). The age of the lower Edmund Group 
temporally coincides with the end of the 1680-1620 Ma Mangaroon Orogeny producing medium to high-
grade metamorphism, particularly in the west of the Capricorn Orogen, and deposition of siliciclastics 
and turbidites (Sheppard et al. 2005; Martin et al. 2008; Sheppard et al. 2010b). The Edmund group 
consists of ~4-10 km of fluvial to shallow marine siliciclastics and carbonate rocks that are interpreted 
to have formed within an extensional half graben structure, controlling sedimentation (Martin et al. 
2008; Cutten et al. 2016). The Edmund Group sediments were deformed during the 1321-1171 Ma 
Mutherbukin Tectonic Event and the 1030-955 Ma Edmundian Orogeny producing folding, low-grade 
metamorphism and faulting (Sheppard et al. 2010b; Johnson et al. 2016; AM Thorne et al. 2016).  
The Abra deposit is a buried, sediment-hosted base-metal deposit that was discovered in 1981, now 
owned by Galena Mining. The resource contains at least five million tonnes of Pb and Ag including 
Figure 3.1 Geological map of western-central Edmund Basin showing major geological units, faults and locations of ore 
deposits; modified from the GSWA’s GeoVIEW GIS database. Inserts: (a) north Western Australia, the Capricorn Orogen and 
the Edmund Basin indicating the regional location of Abra; (b) location of diamond drill cores used in this study.
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11.2 Mt at 10.1% Pb and 28gt-1 Ag within 36.6 Mt at 7.3 % Pb and 18gt-1 Ag, indicated and inferred 
(Mining 2018). Notably the deposit has anomalously low Zn (58 m of 2.7% Zn at best) compared to 
other sediment-hosted Pb-Zn deposits and also contains sub-economic concentrations of Cu and Au in 
the lower stringer zone (Pirajno et al. 2016). Abra is hosted within the lower formations of the Edmund 
Group, the Irregully and Kiangi Creek formations (Martin and Thorne 2004), formed in a sub-basin 
in the centre-east of a half-graben structure (Figure 3.1) that has been interpreted by some to be the 
location of rift initiation (Vogt and Stumpfl 1987; Cutten et al. 2016). The deposit is characterised 
by funnel-shaped stringer zone overlain by stratiform-stratabound zones. The lower stratiform zone, 
the Black Zone, comprises hematite-magnetite-Fe-carbonate-barite rhythmic banding with scheelite, 
Pb-Zn and minor Cu sulphide mineralisation. Above this, the Red Zone consists of colloform jaspilite-
hematite-pyrite-quartz-barite and siderite (Pirajno et al. 2016). Vein mineralisation in the stringer zone 
consists galena-chalcopyrite-pyrite quartz veins, magnetite-chalcopyrite-pyrite quartz or carbonate 
veins and chalcopyrite-pyrite-galena-hematite-magnetite-sphalerite-barite carbonate veins (Figure 
3.2). Disseminated sulphide, mostly pyrite, is common in the finer grained sediments of the Irregully 
Formation and the deposit is contained within a halo of intense chlorite alteration that can be linked to 
Fe, Ba and base-metal mineralisation elsewhere in the basin (Pirajno et al. 2016). 
The rift setting of Abra is typical of clastic-hosted Pb-Zn deposits (Leach et al. 2010) and the stringer 
zone, Cu-Au ore and high Ba and Fe are also not unusual to the sub-types of Pb-Zn deposits (Cooke 
et al. 2000). However, the combination of low Zn, high Fe and Ba, colloform mineralisation textures, 
association with carbonate-rich host rocks and hydrothermal carbonate leads those studying the deposit 
to different conclusions as to the genesis of mineralisation. Siderite alteration, a lateral chemical Mn-
halo and colloform stratiform zone has led some authors to use the term SEDEX to describe the deposit 
(Pirajno et al. 2016); however, the abundance of chalcopyrite and low Zn content are in contradiction to 
this conclusion (Leach et al. 2005). Ore precipitation has been calculated between 150 – 385 °C depending 
on depth, mechanism of precipitation, and method of analysis (Austen 2007; Pirajno et al. 2009) which 
is higher than carbonate-hosted Mississippi Valley-type (MVT) systems and stratiform sediment-hosted 
McAuthur-type Pb-Zn deposits (Cooke et al. 2000; Leach et al. 2005). Salinities are reported between 
3.7-19.8 wt.% NaCl equivalent (Pirajno et al. 2009; Pirajno et al. 2016). The temperature, salinity, Ba 
and Au content, deposit structure and host rocks are similar to stratiform sediment-hosted Selwyn-type 
Pb-Zn deposits but without the usual link to volcanics (Cooke et al. 2000).
Geochronology on xenotime inter-grown with magnetite-hematite-galena in the Black Zone has indicated 
an age range for the main mineralisation event between 1610-1594 Ma (Zi et al. 2015) which has been 
linked to the sedimentation of the lower Edmund Group sediments starting at 1620 Ma and, possibly, 
the extension of the 1680-1620 Ma Mangaroon Orogeny. Later ages of 1385 Ma, 1284 Ma, 1255 Ma 
and 995 Ma (Pirajno et al. 2009; Rasmussen et al. 2010b; Zi et al. 2015; Pirajno et al. 2016) from 
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Figure 3.2 Study core logs indicating lithology and units referred to in the text. Sample number locations indicated by numbers 
to the right of each core. Insert of schematic cross-section correlated across the three cores.
hydrothermal monazite in the Red Zone and stringer zone, and pyrite in the Black Zone, are interpreted 
to indicate episodic hydrothermal fluid flow along the E-W trending fault systems in response to fault 
reactivation during intracontinental tectonics in the Capricorn Orogen including the 1280-1250 Ma 
Mutherbukin tectonic Zone and 1030-950 Ma Edmundian Orogeny. 
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3.3 Methodology
3.3.1 Electron microscopy imaging 
Back-scatter electron (BSE) spot maps and cathodoluminescence (CL) images of quartz grains were 
collected using a Tescan Mira3 field emission gun scanning electron microscope at the John de Laeter 
Centre at Curtin University, Australia. Thin sections were polished with 0.06 µm colloidal silica then 
coated with a thin layer of carbon (~5 nm). BSE images were collected using an accelerating voltage 
of 20 kV, spot size 14 nm, a working distance of 15 mm, and a dwell time of 5 ms. CL images were 
collected using an accelerating voltage of 15 kV, beam intensity of 14, spot size 14 nm and a working 
distance of ~16.5 mm. 
3.3.2 Whole rock oxygen and hydrogen analysis 
Rock samples for whole rock oxygen and hydrogen analysis were crushed and analysed at The University 
of Cape Town, South Africa. All isotope ratios were measured using a Thermo Delta XP isotope ratio 
mass spectrometry (IRMS) in dual-inlet mode. For oxygen isotopes, powder samples were analysed 
using conventional methods described in Harris et al. (2015), employing ClF3 as reagent at 550°C, and 
converting the liberated O2 to CO2 using a hot platinized carbon rod. Duplicate splits of quartz standard 
MQ were run with each batch of 8 samples to monitor analytical precision and convert the raw data to 
the SMOW scale using the δ18O value of 10.1 ‰ for MQ. The long-term variability of MQ suggests a 
2σ error of 0.16 ‰. 
Bulk rock hydrogen isotopes were measured using the method described by Vennemann and O’Neil 
(1993). The samples were dried overnight at 110°C and then degassed at 200°C on a vacuum line. 
Water was extracted by pyrolysis and reduced to hydrogen gas by using low blank Indiana zinc 
(Schimmelmann and DeNiro 1993). Raw sample data were calibrated to the SMOW scale and corrected 
for scale compression using the internal water standards CTMP (δD -7.4 ‰) and RMW (δD -134 ‰). 
Water content of each sample was determined from the magnitude of the mass 2 peak by comparison 
with accurately weighed amounts of the water standards. The precision for the hydrogen isotope ratios 
and water content based on repeated analysis of a kaolinite internal standard (processed kaolinite SB8; 
(Harris et al. 1999) were respectively 2 ‰ (1σ) and 0.10 wt. % (1σ). Repeated analyses of Serina 
Kaolinite gave an average δD value of -60 ‰ (± 1.7, 1σ, n = 17 ‰) and 11.9 wt. % H2O (± 0.5%, 1 σ, 
n = 15; accepted value 12.4 wt. %). Data were adjusted to an accepted Serina Kaolinite value of -57 ‰.
All data are reported in the standard δ-notation relative to Standard Mean Ocean Water (SMOW), where 
δ = ((Rsample/Rstandard) – 1) x 1000, with R being the measured ratio (i.e. 
18O/16O, D/H).
3.3.3 In situ stable O and H isotopes
Oxygen isotope ratios (18O/16O) in quartz and sulphur isotope ratios (33S/32S, 34S/32S) in sulphide minerals 
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were determined in-situ using a Cameca IMS 1280 multi-collector ion microprobe secondary ionisation 
mass spectrometer (SIMS) at the Centre for Microscopy, Characterisation and Analysis, University 
of Western Australia. Mounts were prepared by drilling twenty-six, 2 mm plugs out of thirteen 1 µm 
diamond polished thin sections, which were then placed face down within two 25 mm mount moulds, 
keeping within the centre 15 mm diameter. Mounts were polished using 1 µm diamond wet/dry polish 
paper. The sample mounts were carefully cleaned with detergent and distilled water and then ethanol in 
an ultrasonic bath and then coated with gold (30 nm in thickness) prior to SIMS analyses. Oxygen and 
sulphur isotope analyses were performed using a Gaussian Cs+ beam with an impact energy of 20 keV. A 
normal incidence electron gun was also employed to avoid charging effects at the surface of the sample. 
3.3.4 Ion microprobe oxygen isotope analysis in quartz
Secondary ions were sputtered using a 10 µm-raster and were admitted into the double focusing mass 
spectrometer within a 110 µm entrance slit and focused in the centre of a 4000 µm field aperture (x 130 
magnification). Secondary ions were energy filtered using a 40 eV band pass with a 5 eV gap toward the 
high-energy side. 16Oxygen and 18O were collected simultaneously in Faraday cup detectors fitted with 
1010 Ω (L’2) and 1011 Ω (H’2) resistors, respectively, and operating at a mass resolution of ~2430. The 
magnetic field was regulated using nuclear magnetic resonance (NMR) control.
Each analysis included a pre-sputter over a 20 x 20 µm area for 50 s. This was followed by automatic 
centring of the secondary ions in the field aperture, contrast aperture and entrance slit. Each analysis 
consisted of 20 four-second cycles, which give an average internal precision of ~0.16 ‰ (2 SE). The 
analytical session was monitored in terms of drift and precision using two bracketing standards (UWQ1; 
12.33±0.07 ‰; Kelly et al. 2007) every 6 sample analyses. Instrumental mass fractionation (IMF) 
was corrected using UWQ1 following the procedure described in Kita et al. (2009). The spot-to-spot 
reproducibility was 0.3-0.4 ‰ (2 SD) on UWQ1 during the analytical session. NBS-28, which was 
analysed as a secondary standard, returned average δ18O values of 9.6±0.7 ‰ (2 SD) and 9.5±0.5 ‰ (2 
SD), which are similar to the published value for this standard (9.57±0.1 ‰; Hut, 1987).
Uncertainty on δ18O for each spot has been calculated by propagating the errors on instrumental mass 
fractionation determination, which include the standard deviation of the mean oxygen isotope ratio 
measured on the primary standard during the session, and the internal error on each sample data point. 
Raw 18O/16O ratios and corrected δ18O (quoted with respect to Vienna standard mean ocean water or 
SMOW) are presented in Table 3.1S (Supporting Material).
3.3.5 Ion microprobe sulphur isotope analysis in sulphides
Secondary ions were sputtered using a 20 x 20 µm-raster and were admitted in to the double focusing 
mass spectrometer within a 60 µm entrance slit and focused in the centre of a 4000 µm field aperture (x 
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130 magnification). Secondary ions were energy filtered using a 40 eV band pass with a 5 eV gap toward 
the high-energy side. 32Sulphur, 33S and 34S were collected simultaneously in Faraday cup detectors 
fitted with 1010 Ω (L’2), 1011 Ω (H1) and 1011 Ω (H’2) resistors, respectively, and operating at a mass 
resolution of ~2430. Under these conditions, the hydride interference 32S1H on the 33S peak was avoided 
by offsetting the 33S peak centre to the low mass side. The magnetic field was regulated using NMR 
control. 
Each analysis included a pre-sputter over a 25 x 25 µm area for 30 s followed by automatic centring of 
the secondary ions in the field aperture, contrast aperture and entrance slit. Each analysis then consisted 
of 20 four-second cycles, which give an average internal precision of ~0.10 ‰ (2 SE) or below for 
both isotope ratios. The analytical session was monitored in terms of drift and precision using two 
bracketing standards (Sierra for pyrite and Nifty-b for chalcopyrite) (LaFlamme et al. 2016) every 6 
sample analyses. Instrumental mass fractionation (IMF) on sample measurements was corrected using 
a matrix-matched standard following the procedure described in LaFlamme et al. (2016). The spot-to-
spot reproducibility was better than 0.3 (2 SD) on Sierra and Nifty-b during the analytical sessions. 
Uncertainty on single measurements was calculated following the procedure described in LaFlamme 
et al. (2016). Raw 33S/32S and 34S/32S ratios and corrected δ33S and δ34S (quoted with respect to Vienna 
Canyon Diablo troilite or CDT) are presented in Table 3.2S.
3.4 Abra sample descriptions
3.4.1 Depositional setting and sample lithologies
Samples from three cores have been used in this study (Figure 3.1b; Figure 3.2). Core AB60A cuts 
through the mineralisation at Abra, including both the stratiform and stringer mineralisation, whereas 
cores AB15 and AB62 cut through non-mineralised rocks at ~2km and ~1.5km away, respectively 
(Figure 3.1b). The cores cross through several different lithologies that represent the changing 
depositional environment (Figure 3.2). The lowermost unit is the Irregully Formation which consists 
of interbedded dolomitic siltstones and sandstones, with disseminated pyrite, that is interpreted to be 
deposited in a predominantly near-shore, shallow water environment associated with subsidence along 
graben structures (Vogt 1995; Cutten et al. 2016). Regression, enhanced by uplift, after the deposition 
of the Irregully formed supratidal, hypersaline conditions inferred from gypsum casts (Vogt 1995). The 
Kiangi Creek Formation, interbedded with siltstones, sandstones and conglomerates (Figure 3.2), is 
interpreted to have formed in shallow water to near shore alluvial to beach environment. Hypersaline 
conditions continued with infilling of the graben basin (Vogt 1995; Martin and Thorne 2004; Cutten et 
al. 2016).  
Lithological descriptions of sample thin sections in this study, in comparison with descriptions from 
previous workers (Vogt 1995; Martin and Thorne 2004), have been used to group samples into 
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formations and mineralisation zones that can be correlated between cores (Table  3.3S). These are 
the Irregully Formation, the Kiangi Creek Formation, and the Red and Black Zone within the Kiangi 
Creek Formation in AB60A. The Irregully Formation contains muscovite and fine disseminated pyrite 
in AB15 and AB62, whereas the matrix in AB60A is chloritized with disseminated pyrite clusters along 
fine laminations (Figure 3.3). Cross-laminations and syn-sedimentary structures in some coarser grained 
turbidite samples point to a higher energy deltaic environment (Figure 3.3a,b,c). Kiangi Creek Formation 
sandstones consists predominantly of quartz and feldspar grains with carbonate cement in AB15 and 
AB62, and carbonate, barite and chlorite in AB60A (Figure 3.4). Furthermore, feldspar grains are rare 
in AB60A compared to AB62 and AB15. The Red Zone in AB60A consists of very fine laminated-
colloform hematite, magnetite, jaspillite, quartz, carbonate and barite (Figure 3.5a,b) interpreted to be 
recrystallised chemical sediments deposited on or close to the sea floor (Pirajno et al. 2016). Below, the 
Figure 3.3 Photomicrographs of sample thin sections through the Irregully Formation, scale bars at 5 mm: (a) Sample AB15_15: 
Laminated coarse sandstone and siltstones highlighting cross-stratification. (b) Sample AB62_66: Laminated siltstones 
highlighting soft-sediment deformation and the entrainment of sphalerite (sp) grains. (c) Sample AB60A_62: Pervasively 
chlorite altered laminated siltstones. Pyrite (py) aggregates highlight soft-sediment structures and quartz (qz) ±chlorite (chl) 
veins cross-cut the host rock. (d) Sample AB60A_51: Chlorite and hematite (hem) altered fine-grained sandstone with cross-
cutting veins exhibiting blocky and comb texture quartz (qz) infill and hematite (hem) + pyrite (py) or chalcopyrite (ccp) + 
galena (gn). (e) Sample AB60A_62: Blocky quartz (qz) vein cross-cutting host rock.
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Black Zone consists of crenulated-banded hematite-magnetite-pyrite-carbonate-barite-quartz (Figure 
3.5c), interpreted as replacement of previous minerals (Vogt 1995). 
3.4.2 Pyrite and chalcopyrite populations
Pyrite and chalcopyrite are common sulphides throughout all vertical zones in mineralised core AB60A. 
Disseminated pyrite and pyrite aggregates form from 1-50 µm euhedral grains in the Irregully Formation 
(Figure 3.6a). Massive sulphide mineralisation is predominantly found in the stratiform Red and Black 
Zones (Figure 3.6b) in the form of pyrite aggregates of <100 µm euhedral-subhedral grains and infilling 
anhedral, spongy and inclusion-rich chalcopyrite. Vein mineralisation cross-cuts both disseminated and 
massive mineralisation through all lithologies and zones at Abra; vein pyrite is generally euhedral-
subhedral, ranging from ~500 µm down to ~10 µm, with numerous inclusions, whereas chalcopyrite is 
characteristically spongy, inclusion-rich and anhedral. Carbonate-barite veins cross-cut the Red Zone 
with pyrite-chalcopyrite-magnetite crystallisation at the vein edge (Figure 3.6c). In the stringer zone 
Figure 3.4 Photomicrographs of sample thin sections through the Kiangi Creek Formation, scale bars at 5 mm: (a) Sample 
AB15_12: Quartz-cemented coarse sandstone cross-cut by quartz (qz) and carbonate (carb) vein; (b) Sample AB62_64: medium 
sandstone cross-cut by quartz (qz) vein; (c) Sample AB60A_26: Coarse sandstone with chlorite (chl) – carbonate (carb) – barite 
(brt) matrix, cross-cut by carbonate-chlorite vein with hematite (hem); (d) Sample AB15_12: Alternating quartz (qz) and 
carbonate (carb) vein with blocky quartz; (e) Sample AB62_64: Elongate quartz (qz) vein (f) Sample AB62_63: Blocky quartz 
(qz) and albite (ab) vein.
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cross-cutting the Kiangi Creek Formation, pyrite and chalcopyrite occur with galena, sphalerite, iron 
oxides and barite around a carbonate vein (Figure 3.6d). In the stringer zone through the Irregully 
Formation, hematite-rich host rock contains chalcopyrite and galena quartz veins and vugs (Figure 3.6e) 
which are cross-cut by pyrite-hematite along the vein edges of quartz veins (Figure 3.6f).
3.4.3 Quartz populations 
Eight different populations of quartz (groups [1] – [8]) can be identified and related to each other on the 
basis of their texture and association with other minerals:
Detrital quartz grains [1] are rounded to subangular and can be found as poly- and mono-crystalline 
grains in the Irregully and Kiangi Creek Formations. Most quartz grains are single grains with 
uniform straight or slightly undulose extinction, but some grains within the same beds exhibit a range 
of deformation fabrics including high grade plastic deformation. Many grains are fractured but they 
all show no compositional or growth zoning in cathodoluminescence (CL) imaging (Figure 3.7a,b) 
indicating that they have not been recrystallised. Rounded grain edges and variability in appearance 
points to the detrital nature of the grains and sedimentary transportation.  
Quartz cement [2] occurs within medium to coarse quartz-rich sandstones in the Kiangi Creek Formation. 
Quartz cement in unmineralised core AB15 makes up between ~10 to 15% of the rock, is optically 
syntaxial to the detrital [1] quartz grains they surround but form outside a thin rim of carbonate (Figure 
Figure 3.5 Photomicrographs of sample thin sections through the Red Zone in drill core AB60A, scale bars at 5 mm: (a) Sample 
AB60A_19: Plane polarised light image of colloform banded hematite (hem) + quartz (qtz) chemical sediments in contact with 
coarse sandstone at f1. Barite (brt) + quartz (qz) brecciated both sandstone and chemical sediments indicated by contact f2; (b) 
AB60A_19: Cross polarised light image of colloform banded chemical sediments, highlighting blocky crystalline quartz (qz), 
cross-cut by barite (brt) and comb textured vein quartz (qz); (c) AB60A_28: Cross polarised light image of banded replacement 
mineralisation of hematite (hem), magnetite (mag), pyrite (py), carbonate (carb) and barite (brt).
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3.8a,b). In mineralised core AB60A, quartz cement is much thinner with both syntaxial and isopachous 
cement (Figure 3.8c,d) surrounding detrital [1] grains. Carbonate rims are absent or very thin. Some 
detrital grains with surrounding cement are embayed indicating that some process has affected the 
grains after the formation of cement. Late barite and carbonate infill the matrix and embayments (Figure 
3.8c,d). 
Figure 3.6 Reflected light photomicrographs of sulphide populations in AB60A, scale bars at 5 mm apart from (d) which is 
2 mm: (a) Sample AB60A_65: Disseminated pyrite (py) and pyrite aggregates in the Irregully Formation stringer zone; (b) 
Sample AB60A_28: Massive banded-colloform hematite (hem) and magnetite (mag) with chalcopyrite (ccp) and pyrite (py) 
in the Black Zone. (c) Sample AB60A_18: Carbonate (carb), barite (brt), chalcopyrite (ccp), pyrite (py) and magnetite (mag) 
vein cross-cutting the Red Zone; (d) Sample AB60A_35: Polymetallic vein alteration zone around carbonate (carb) and quartz 
(qz) vein, including hematite (hem), magnetite (mag), pyrite (py), chalcopyrite (ccp), galena (gn) and sphalerite (sp), in the 
Kiangi Creek Formation Stringer Zone; (e) Samples AB60A_51: hematite-rich (hem) stratiform later cross-cut by quartz (qz), 
chalcopyrite (ccp) and galena (gn) veins; (f) Sample AB60A_51: Quartz (qz) vein with hematite (hem) and pyrite (py) at the 
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Fine grained quartz [3] is found in the Red Zone in AB60A and precipitates with hematite in colloform 
chemical sediments. The quartz crystals are microcrystalline to blocky and euhedral, in thin banded 
jaspilite-quartz layers (Figure 3.5) and interpreted to be primary sediments recrystallised by hydrothermal 
fluid. 
Quartz within syn-sedimentary structures [4] deform the sedimentary laminations in the Irregully 
Formation, in core AB62 (Figure 3.3b). The structures have entrained sphalerite and pyrite grains but 
it is not clear whether these sulphide grains have anything to do with the mineralisation events at Abra, 
so the synsedimentary deformation cannot be temporally related to Abra mineralisation and quartz 
population [8] (see below).
Unmineralised vein quartz [5] are ≤5 mm, euhedral and either infill fractures in equant blocky to 
elongate textures (Figure 3.4d-f; Figure 3.3e) or comb textures growing from fracture walls (Figure 
3.5b). Vein quartz coexists with barite in the Red Zone (Figure 3.5a,b) cross-cutting the colloform 
banding and crystalline quartz population [3], in the Irregully and Kiangi Creek Formations in AB60A, 
and with carbonate, barite and albite in the Irregully and Kiangi Creek Formations in AB15 and AB62 
(Figure 3.4d-f). In all cores, quartz veins cross-cut sandstone host rock with detrital [1] and cement [2] 
quartz (Figure 3.4d-f). 
Figure 3.7 
Cathodoluminescence (CL) 
images of representative 
quartz (qz) grains of (a) 
detrital grains, (b) detrital 
grains surrounded by quartz 
cement and later barite (brt) 
cement in Kiangi Creek 
Sandstones, in AB60A, (c) 
hydrothermal quartz with 
sulphides exhibiting growth 
zoning in Kiangi Creek 
Formation stringer zone, in 
AB60A, and (d) hydrothermal 
quartz in chloritized Irregully 
Formation in AB60A.
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Quartz with disseminated pyrite and pervasive chlorite alteration [6] in the Irregully Formation, AB60A 
(Figure 3.3c), is <200 µm in coarser-grained areas and <100 µm in finer-grained areas, euhedral to 
subhedral, with evidence of growth zoning indicating hydrothermal crystallisation (Figure 3.7d). 
Unmineralised vein quartz [7] are <1 mm, euhedral, blocky and comb textured and cross-cut chloritisation 
and quartz with disseminated pyrite [6] in AB60A (Figure 3.3c,e). 
Quartz associated with sulphide mineralisation [8] in the Stringer Zone, core AB60A, is found as 
hydrothermal quartz (<200 µm) in the Irregully Formation with stratiform hematite (Figure 3.6e), 
blocky euhedral vein quartz (0.5-2 mm) with galena and chalcopyrite (Figure 3.6e), or comb textures 
along vein edges (<1 mm) with pyrite and hematite (Figure 3.6f). In the Kiangi Creek Formation, 
hydrothermal quartz (<1 mm) has precipitated interspersed with polymetallic sulphides in a carbonate 
vein alteration zone (Figure 3.6d). Sulphide veins cross-cut quartz with chlorite alteration [6].
3.5 Isotope Results
3.5.1 Whole-rock oxygen and hydrogen isotopes
Data for whole-rock oxygen and hydrogen isotope ratios are presented in Table 3.1. Descriptions 
of each sample are presented in Table 3.3S. The mean whole rock δ18O value in unmineralised core 
AB15 is 13.5‰ comparable to the mean value in AB62 which is 13.6‰ (Figure 3.9a). Mean values in 
mineralised AB60A are lower; the Red Zone has a mean whole rock δ18O value of 12.2‰ whereas the 
Figure 3.8 
Photomicrographs of 
quartz (qz) cement 
(a,b) in drill core AB15 
showing syntaxial 
cement and carbonate 
(carb) rims (c,d) and 
in drill core AB60A 
showing both syntaxial 
and isopachous cement 
and later carbonate 
(carb), barite (brt) and 
chlorite (chl) cement.
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Whole rock (WR) Analysis
Sample ID Depth/m Unit/Zone δ18OWR δDWR wt% water
AB15_3 108.7 Kiangi Creek 12.03 -58.0 2.3
AB15_4 115.3 Kiangi Creek 13.8 -50.1 4.5
AB15_5 134 Kiangi Creek 12.7 -35.0 2.4
AB15_6 147.7 Kiangi Creek 13.5 -68.0 0.5
AB15_7 165.9 Kiangi Creek 13.8 -51.0 0.4
AB15_10 183.6 Kiangi Creek 13.7 -37.0 1.4
AB15_11 225.2 Kiangi Creek 13.1 -44.0 0.8
AB15_13 251.3 Kiangi Creek 15.0 -95.2 3.5
AB15_14 280.3 Irregully 14.4 -31.0 2.2
AB15_15 315 Irregully 12.7 -34.0 0.7
AB62_62 95.3 Kiangi Creek 13.5 -55.0 2.0
AB62_63 101.5 Kiangi Creek 12.9 -34.0 1.3
AB62_47 148.45 Kiangi Creek 13.5 -50.0 1.1
AB62_64 149.8 Kiangi Creek 13.9 -65.6 6.5
AB62_66 393 Irregully 13.3 -36.7 4.0
AB62_67/68 395 Irregully 12.7 -61.0 1.4
AB62_69 434.8 Irregully 13.2 -34.0 2.5
AB62_54 437.7 Irregully 13.1 -48.0 2.2
AB60A_16 243.4 Kiangi Creek 13.7 -41.4 4.1
AB60A_23 300.8 Kiangi/Red 12.6 -36.0 0.9
AB60A_24 303.4 Kiangi/Red 12.4 -40.0 1.1
AB60A_26 314 Kiangi/Red 11.5 -48.7 5.6
AB60A_35 411 Kiangi/Stringer 13.0 -53.6 3.3
AB60A_37 423.2 Kiangi/Stringer 11.8 -45.0 2.8
AB60A_43 446.5 Kiangi/Stringer 13.1 -53.0 1.4
AB60A_47 465 Kiangi/Stringer 11.5 -45.0 2.7
AB60A_51 496.4 Irregully/Stringer 9.3 -61.0 2.5
AB60A_53 533.9 Irregully/Stringer 11.1 -54.0 2.5
AB60A_58 560 Irregully/Stringer 12.5 -117.0 0.0
AB60A_60 580 Irregully/Stringer 11.3 -49.0 2.8
AB60A_62 600.8 Irregully/Stringer 11.8 -43.8 2.1
AB60A_67 639.7 Irregully/Stringer 10.1 -43.0 4.0
Table 3.1 Whole rock oxygen and hydrogen results
Kiangi Creek Formation is slightly higher at ~12.6‰ and the Irregully Formation is the lowest at ~ 11‰ 
(Figure 3.9a). 
Values for whole rock δD exhibit overlap for all cores (Figure 3.9b). Mean δD values in AB15 and 
AB62 are -50 ‰ and -48 ‰, respectively, whereas AB60A has a value of -41.4‰. The Red Zone, 
AB60A, has slightly higher δD values but fit within the range of unmineralised samples. A far outlier in 
AB60A records a δD value of -117‰
 As with most of the whole rock δD values, the range of wt.% water (H2O
+) values overlap across cores 
(Figure 3.9b). The mean in AB15 is 1.9 wt. % whereas the mean in AB62 is 2.6 wt. %. In AB60A, the 
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Figure 3.9 (a) The whole rock δ18O values in each core (b) δDWR against wt.% water and (c) quartz δ
18O values in each core. 
Hollow boxes in (a) and (b) represent the mean value in each lithological group/core.
mean wt. % water content is ~2.45 wt. %.
3.5.2 In situ δ18O in quartz
Data for in situ quartz δ18O values in quartz are presented in Table 3.2 and for the analysis position in 
different quartz populations in Mount 1 (Figure 3.10) and Mount 2 (Figure 3.11). All analytical errors on 
individual analyses are at 2σ, 0.45-0.50 in run 1, AB15 and AB62, and 0.46-0.86 in run 2, AB60A (Table 
3.1S). The δ18O values of quartz in AB15 have a mean value of 14.9±0.5 ‰ compared with AB62, 
which has a mean of 15.9±0.5 ‰ increased by high values in the Irregully Formation (Figure 3.9c). 
The Red Zone in AB60A has a mean quartz δ18O value of 14.4±0.47 ‰, the Kiangi Creek Formation 
is slightly lower at 13.3±0.8 ‰ and the Irregully Formation at 14.2±0.8 ‰. The majority of detrital [1] 
core values are lower than rim values, the latter of which also includes small detrital grains (Table 3.2; 
Table 3.1S). Core values are between 9.61±0.79 ‰ and 16.09±0.46 ‰, mean 12.38 ‰, whereas rim 
values are between 10.04±0.46 ‰ and 17.97±0.47 ‰, mean 14.76 ‰.
3.5.3 δ18O of fluids estimated from in-situ quartz data
The δ18O values obtained by the SIMS are those of the quartz grains (δ18Oqz). To obtain the δ
18O value of 
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the fluid with which the quartz equilibrated in (δ18Of) a suitable fractionation factor must be used. The 
fractionation factor (α) is expressed by the equation of a curve: 
1000ln α = A 106T-2 + B
Where T is the temperature in Kelvin, and A and B are constants. The equations and fractionation factors 
used for this study are those from Ligang et al. (1989) at medium temperatures (180-320°C), and Clayton 
et al. (1972) at low (<180°C) and high (>320°C) temperatures (Table 3.3). The experiments in Ligang et 
al. (1989) monitor the isotopic fractionation that accompanies the hydrothermal crystallisation of quartz 
from silica gel at common base-metal ore deposit temperature (180-550°C), including the effects of 
salinity. The Abra deposit formed at temperature from ~150 to ~300°C from fluids of salinity between 
~2-17 wt.% NaCl equivalent (Austen 2007; Pirajno et al. 2016). 
The calculated fluid δ18O values are presented in Table 3.4 and Figure 3.12 and averaged for each quartz 
population over a range of temperatures to account for temperature uncertainties (full data presented 
in Table 3.1S). Temperatures for quartz cement [2] formation in AB15 are estimated at 180±80°C 
whereas cement in AB60A is estimated to have formed at <180°C. Both estimates are based on work 
by Surdam and Crossey (1987); McBride (1989); Bjørlykke and Egeberg (1993) who compared the 
petrological characteristics of quartz cement to their formation settings and temperature. In AB15 
cement [2] calculated fluid δ18O values range between –4.84±0.5 ‰ and 6.55±0.5 ‰ whereas in the 
Red Zone, calculated δ18O values for cement [2] have a range between –6.12±0.47 ‰ and 1.32±0.47 
‰ (Table 3.4). Crystalline quartz [3] and vein quartz [5] in the Red Zone is interpreted to have formed 
at 180±80°C based on Pirajno et al. (2016), the solubilities of barite (Blount 1977) and fluid inclusion 
homogenisation temperatures of barite-quartz veins (Jessey 2010). Chemical sediments and quartz-
barite vein in the Red Zone give similar calculated fluid δ18O values of between -5.4±0.66 ‰ and 
5.99±0.66 ‰ for a temperature range of 100-250°C, and 2.04±0.66 ‰ at 180°C (Table 3.4). The fluid 
δ18O calculations at the lower temperature end (<180°C) do not take into account salinity which is 
moderate to high (2.2-13.5 wt.% NaCl) (Pirajno et al. 2016). Fractionation between quartz and water 
was shown to be larger for saline fluids, particularly at lower temperatures, >0.5‰ (Ligang et al. 1989), 
thus the fluid δ18O values estimated for cement [2] and crystalline quartz [3] may be lower than stated.
Temperature/°C Salinity/wt%(salts) Equation Fractionation factor α Reference
50 1000lnαqz-wt = 3.38(106T-2) – 3.4 29 Clayton et al. 1972
100 1000lnαqz-wt = 3.38(106T-2) – 3.4 20.9 Clayton et al. 1972
180 25 (K,Cl) 1000lnαqz-wt = 3.306(106T-2)-2.71 13.46 Ligang et al. 1989
250 5 (Cl) 1000lnαqz-wt = 3.306(106T-2)-2.71 9.1 Ligang et al. 1989
250 25 (F,K,Cl) 1000lnαqz-wt = 3.306(106T-2)-2.71 9.51 Ligang et al. 1989
320 5 (Cl) 1000lnαqz-wt = 3.306(106T-2)-2.71 6.57 Ligang et al. 1989
320 25 (F,K,Cl) 1000lnαqz-wt = 3.306(106T-2)-2.71 6.25 Ligang et al. 1989
750 1000lnαqz-wt = 2.51(106T-2)-1.96 0.4 Clayton et al. 1972
Table 3.3 Fractionation factors used to calculate δ18Of values from measured δ
18Oqz values.
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The remaining quartz populations are interpreted to have formed at 250±70°C based on temperatures 
determined by Munz et al. (1995); Bons (2001); Wangen and Munz (2004); Austen (2007); Rusk et al. 
(2008); Pirajno et al. (2016). Quartz with syn-sedimentary deformation [4] in the Irregully Formation, 
AB62, record calculated fluid 18O values of 7.51 ‰ at 250°C (Table 3.4). Vein [5] and disseminated [6] 
quartz in all cores have similar fluid δ18O values at 250°C of around 5-6.5±0.3 ‰ (Table 3.4). Quartz 
associated with sulphide mineralisation records fluid δ 18O values ranging from –0.16±0.8 ‰ to 7.3±0.8 
‰ (Table 3.4). At a temperature of 250°C, fluid values are 3.79±2.68 ‰ with polymetallic sulphides, 
3.83±3.76 ‰ with pyrite and iron oxide, and 4.84±0.41 ‰ with chalcopyrite and galena (Table 3.1S).
3.5.4 In situ δ34S isotopes
Averaged data for δ34S values in pyrite and chalcopyrite are presented in Table 3.2, full δ34S data is 
presented in Table 3.2S and the spatial variation shown in Figures 3.10 and 3.11. Analytical errors 
reported as 2σ are 0.15-0.55 ‰. The average Δ33S value is -0.06 ‰ indicating that mass independent 
fractionation (MIF) was not significant. Pyrite and chalcopyrite δ34S values overlap and have an overall 
mean of 25±6.1 ‰. Mean values for pyrite in the Red Zone are slightly higher at 27.4±1.25 ‰ but mean 
values in the Black Zone and Stringer Zone are all similar at 24.6±5.6 ‰ (Table 3.2). 
3.6 Discussion
3.6.1 The isotopic signature of host rock sediments
Whole rock δ18O values in sediment samples are a combination of detrital and authigenic minerals. One 
study reported δ18O values in sandstones of ~13-18 ‰ in quartz, ~6-10 ‰ in chlorite, ~10-21 ‰ in 
calcite and ~8-14 ‰ in various clays (Ayalon and Longstaffe 1988). Whole rock δ18O values from the 
two unmineralised cores at Abra have a broad range (~12-15 ‰), overlapping a range of possible rock 
Mean δ18O_fluid
Sample ID Depth/m Zone Population 50°C 100°C 180°C 250°C 320°C
AB15_12 250.8 Unmineralised Cement [2] -12.94 -4.84 2.60 6.55 9.81
AB60A_26 314 Red Cement [2] -14.22 -6.12 1.32 5.27 8.53
AB60A_18 253.9 Red Crystalline [3] -13.45 -5.35 2.09 6.04 9.30
AB62_66 393 Unmineralised Deformation [4] -11.98 -3.88 3.56 7.51 10.77
AB15_12 250.8 Unmineralised Vein [5] -13.03 -4.93 2.51 6.46 9.72
AB62_63 101.5 Unmineralised Vein [5] -14.07 -5.97 1.47 5.42 8.68
AB62_64 149.8 Unmineralised Vein [5] -13.49 -5.39 2.05 6.00 9.26
AB60A_19 266.7 Red Vein [5] -13.50 -5.40 2.04 5.99 9.25
AB60A_62 600.8 Stringer Disseminated [6] -14.46 -6.36 1.08 5.03 8.29
AB60A_62 600.8 Stringer Vein [7] -13.21 -5.11 2.33 6.28 9.54
AB60A_35 411 Stringer Sulphides [8] -15.70 -7.60 -0.16 3.79 7.05
AB60A_51 496.4 Stringer Sulphides [8] -15.45 -7.35 0.09 4.04 7.30
Table 3.4 Calculated δ18Of values, from measured δ
18Oqz values, over a range of temperatures.
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sources (granitoid, metamorphic, detrital and argillic sediment rocks and volcanogenic sediments (Taylor 
1974; Wilkinson et al. 1995; Hoefs 2009) and the likely constituents of quartz, carbonate and clays. A 
sample in AB62 with a higher δ18OWR value (16 ‰; Table 3.1) consists of massive drusy carbonate 
infill indicating that secondary carbonate alteration increased whole rock δ18O values, as suggested by 
Hitchon and Friedman (1969). Core AB60A is iron oxide-rich as well as chlorite-rich, particularly in 
the Irregully Formation, reflected in the decreasing whole rock δ18O values down-core (Figure 3.13). A 
sample in the Irregully Formation with high hematite content in AB60A (AB60A_58) has a particularly 
low whole rock δ18O value (9.3 ‰; Figure 3.13), also reflecting this relationship. Salinity and oxidation 
can increase δ18O values by changing the fractionation factor between water and mineral (Lloyd 1968; 
Taylor 1974; Connolly et al. 1990). An increase in whole rock δ18O values in the Red Zone could reflect 
higher salinity or oxidation during the precipitation or recrystallisation of chemical sediments, 
Quartz δ18O values of individual grains (~11-18 ‰) are more variable than the whole rock data but are 
Figure 3.10: Back-scatter electron (BSE) map of Mount 1 with spot locations and δ18Oqz values for quartz and sulphide popula-
tions.
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in keeping within an overlapping range with multiple possible sources. Provenance studies indicate 
that detrital material in the Irregully and Kiangi Creek Formation are sourced from older sedimentary 
basins to the north of the Edmund Basin which, in turn, are sourced from the 2429-2663 Ma Halfway 
Gneiss in the Gascoyne Provence (Martin et al. 2008; Cutten et al. 2016). Separating cores and rims of 
detrital quartz grains highlights a distinct pattern of lower δ18O values within the core, average 12.38 
‰, compared to the rims and small grains, average 14.76 ‰ (Figure 3.9). The difference may represent 
isotopic reworking from low grade metamorphism in the basin that did not affect the cores of the largest 
grains as much, or low temperature precipitation of high δ18O quartz after deposition of detrital material. 
The majority of whole rock δD values in all three cores are between -60 and -35 ‰ (Figure 3.9b), 
considerably lower than those in previous work by Austen (2007) which reported δD fluid inclusion 
values in quartz of -35 to -12 ‰. The difference in values reflects the ~30 ‰ fractionation between water 
and mineral. The heavier values of the fluid were interpreted to represent metamorphic or formation fluids 
by Austen (2007). H-isotopes can be variable in an environment making it hard to make generalisations; 
for example modern sedimentary rocks and S-type granites have overlapping δD values in the range of 
Figure 3.11:  Back-scatter electron (BSE) map of Mount 2 with spot locations and δ18Oqz values for quartz and sulphide popula-
tions. 
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-40 to -80 ‰ (Taylor 1974; O’Neil and Chappell 1977). Formation waters and clay minerals are the basic 
reservoirs for hydrogen in a sedimentary basin (Connolly et al. 1990) and metamorphism or alteration 
to hydrous minerals such as chlorite or mica will involve some change in δD values depending on the 
fluid-rock ratio and the δD of the fluid (O’Neil and Chappell 1977). Interactions between siliciclastic 
minerals is reported to both increase (Connolly et al. 1990) and decrease (Moldovanyi et al. 1993) δD 
values, depending on the degree of fluid-rock integration, whereas mixing with meteoric waters or very 
saline waters increases δD, sometimes into positive values, usually due to evaporation at the surface 
(Taylor 1974; Ripley and Ohmoto 1979; Connolly et al. 1990; Moldovanyi et al. 1993). The whole rock 
δD values at Abra are largely representative of a combination of authigenic minerals overprinted by 
fluid exchange during low grade metamorphism, diagenesis and alteration. Some very low values of δD 
(Figure 3.13) may be the result of high iron oxide content since Fe-rich hydrous minerals generally have 
lower Dmineral-water compared with magnesian hydrous silicates (Taylor 1974; Suzuoki and Epstein 1976). 
A sharp increase in both whole rock δD and δ18O values within the Red Zone points to the influence of 
high salinity and oxidation on both isotopic systems and may indicate that the Red Zone was formed at 
Figure 3.12 The evolution of δ18Of values in quartz populations over relative time. Coloured boxed indicate δ18Of values 
at mean temperature estimates, either 180°C or 250°C, error bars indicating temperature error range. Surface-formation 
waters precipitating quartz cement [2], chemical sediments [3] and cross-cutting quartz barite veins [5] in AB60A during 
sedimentation and diagenesis. During diagenesis and brittle fracturing, soft-sediment deformation [4], chloritised host rock [6] 
and non-mineralised veins [5,7] all plot in an overlapping areas of formation, magmatic and metamorphic water. Quartz with 
mineralisation [8] plots with a slightly lighter range of values, not taking into account difference in ore mineralogy, discussed in 
the text.
76
 Chapter 3 Isotopic constraints of fluid evolution
a subaerial surface if evaporation is the cause of increase, near surface if the sediments were deposited 
sub-aqueously in oxidised saline waters, or by injection of oxidised fluids along a stratigraphic horizon 
at depth (Figure 3.13). The complexities of variable composition and fractionation in whole rock 
samples indicates that a combination of iron oxide and chlorite content, high oxidation and salinity will 
impact the trends of whole rock δ18O and δD values down-core
.
3.6.2 Fluid evolution through diagenesis and syn-sedimentary processes
Cementation in sandstones is most often attributed to diagenesis and burial (Bjørlykke and Egeberg 
1993). Quartz cement textures are different between AB15 and AB60A suggesting that the cement 
formed under differing conditions. Cement in AB15 is syntaxial, forms around carbonate-rimmed detrital 
grains, and makes up 10-15% of the rock (Figure 3.8a,b). Carbonate rims surrounding the quartz grains 
in AB15 indicate the grains were fully submerged in a subaqueous environment during initial carbonate 
cement growth (Bjørlykke and Høeg 1997).  Cement in AB60A can be syntaxial or isopachous, is much 
thinner, and has been embayed and infilled with later carbonate and barite (Figure 3.8b,c). Influx of 
fluid, changing fluid temperature or pH or pressure-solution creep are all likely caused of redissolution 
and embayment of quartz in AB60A (Lier et al. 1960; Worley et al. 1996; Schott et al. 2009). Pressure-
solution creep usually exhibits oriented areas of dissolution and new growth (Rutter 1983), which is 
not seen in AB60A cement, indicating that influx of fluids or changing fluid conditions is more likely, 
Figure 3.13 Whole rock δ18O and δD down AB60A core
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also resulting in the later barite and carbonate cement precipitation. The Kiangi Creek Formation rocks, 
which host the cement, forms on top of the fine-grained wacke siltstones and sandstones of the Irregully 
Formation. Pressure solution and local dissolution of silicates such as feldspars are likely processes in 
finer-grained sediments at depth producing Si-rich fluids that migrate upwards through the sedimentary 
sequence during burial to form quartz cements (Land and Dutton 1978; McBride 1989; Bjørlykke and 
Egeberg 1993). Prior to lithification the coarse-grained host rock sediments may still be porous and 
permeable, allowing the recharge of sea or meteoric water at depth and discharge of basin fluids from 
the Irregully Formation (McBride 1989; Bjørlykke and Høeg 1997).
There is generally a positive correlation between depth and amount of quartz cement as well as 
number of grains with cement overgrowths (McBride 1989). This correlation, and two temperature-
depth windows for quartz cementation determined by Surdam and Crossey (1987) indicates that the 
quartz cement in AB15 formed as a later event at greater depths (>2 km) and temperatures close to 
180°C whereas cement in the mineralised core formed earlier at shallower depths > 1km and lower 
temperatures, closer to 100°C. Using temperature estimates of 100-180°C, the measured (δ18Oqz) and 
calculated (δ18Of) values involved with the growth of diagenetic cement are  δ
18Oqz ~16 ‰ and δ
18Of 
4.84 – 2.6 ‰ in AB15, and δ18Oqz ~14.8 ‰ and δ
18Of  -6.12 – 1.32 ‰ in the Red Zone in AB60A (Figure 
3.12). The low fluid values estimated for both cores points to the influence of surface fluids circulating 
through the sediments; most estimated fluid δ18O values, considering higher temperature estimates, are 
within the range of surface and formation water (Land and Dutton 1978). 
Syn-sedimentary deformation in the Irregully Formation, in AB62, is attributed to movement along 
the Six Mile Creek Fault (Figure 3.1b) which is interpreted as syn-sedimentary (Vogt 1995) due to 
the numerous soft sediment structures (Figure 3.3a,b,c). The fault continued to be active after the 
sedimentation of the Kiangi Creek Formation to cross-cut the sediments above. In AB62 quartz within 
the deformation zone [4] has a mean δ18O value of 17.0 ‰, considerably higher than most other quartz 
populations (Table 3.2). Basin temperatures are estimated between 180 and 320°C which have been 
used to calculate fluid δ18O values between 3.6 and 10.8 ‰. The higher quartz and fluid δ
18O values 
indicates that faulting along the Six Mile Creek Fault did not provide a conduit for surface fluids but 
instead remobilised formation fluids at depth.
3.6.3 Post-sedimentation hydrothermal fluids
Crystalline quartz in the Red Zone formed at temperatures around 180±80°C, indicated by fluid 
inclusion analysis (Pirajno et al. 2016). This range gives calculated fluid δ18O values of -5.35 to +6.04 
‰ indicating that formation water and/or surface water was involved with the recrystallisation of 
chemical sediments. The calculated fluid δ18O values in cement [2] and crystalline quartz [3] in AB60A 
points to the shallow formation of the Red Zone although it is not certain whether this was originally 
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exhalative or shallow buried. Later barite-quartz veins [5] that cross-cut Red Zone are also estimated to 
have formed at lower temperatures between 100-250°C due to the higher solubility of barite in saline 
solutions at these temperatures (Blount 1977) and records of similar homogenisation temperatures (140-
230°C) in quartz-barite mineralisation associated with silicification and colloform jaspilite and quartz 
(Jessey 2010). Calculated fluid δ18O values are between -5.40 and 5.99 ‰, consistent with formation 
water and a component of surface fluids (Figure 3.12). Barium is transported in acidic, reduced brines 
(Cooke et al. 2000) and may have interacted with oxidised, sulphate-rich and near neutral surface waters 
to precipitate barite within sedimentary matrix and veins at Abra.
 
Numerous quartz veins, like those seen at Abra, are common in shallow, low temperature (200-300°C) 
brittle deformation regimes (Munz et al. 1995; Bons 2001; Wangen and Munz 2004). Vein systems 
with quartz, carbonate and barite in sedimentary rocks also form at similar temperatures between 200-
340°C, and moderate to high salinities, in clastic sedimentary environments (Yang et al. 2006). Mean 
calculated fluid δ18O values in vein quartz [5] in unmineralised core have been estimated at 5.42 to 6.46 
‰ at 250°C, with potential errors in calculated temperature extending the range from 1.47 to 9.72 ‰ 
(Table 3.4; Figure 3.12). Considering the environmental setting, the fluid δ18O values, including the 
wider temperature ranges (Figure 3.12), indicate that brittle deformation is channelling formation fluids.
Quartz within pervasively chlorite-altered rock with disseminated pyrite [6], within the stringer zone, 
has an average quartz δ18O value of 14.54‰, similar to detrital quartz rims [1] (Table 3.2). Quartz-
chlorite veins cross-cutting chlorite alteration [7] have slightly higher quartz δ18O values of around 15.6 
‰. A broad temperature range between 180-320°C provides estimated fluid δ18O values between 1.08 
to 8.29 ‰ in population [6] and between 2.33 and 9.54‰ in population [7]. These values are similar to 
vein quartz [5] indicating a similar formation fluid source throughout quartz vein and chlorite alteration 
(Figure 3.12). 
Quartz with iron oxide and sulphide mineralisation [8] have measured δ18O values around 13.39‰ with 
individual analyses as low as 9.44‰ (Table 3.2). These values are generally lower than previous quartz 
populations [2] to [6], and are comparable to detrital [1] core δ18O values and rims in upper Kiangi 
Creek Formation and the Red Zone (Table 3.2). Temperatures of mineralisation in the Stringer Zone 
are reported around 208± 27°C with some temperatures over 300°C (Austen 2007) providing mean 
calculated fluid δ18O values within the range of -0.16 to 7.30 ‰ at 180-320°C (Table 3.4). Lower fluid 
δ18O values points to the involvement of meteoric and sea water mixing with formation fluids (Figure 
3.14). 
Separating the populations of quartz with mineralisation [8] by associated ore mineral highlights variation 
in fluid δ18O values between different ore assemblages (Figure 3.15). Quartz with disseminated pyrite 
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and chlorite alteration have a small range in calculated fluid δ18O values, around 5‰. A chalcopyrite 
and galena hosting quartz vein cross-cutting stratiform hematite has a similar narrow range of fluid δ18O 
values (~4.5-5.2‰), marginally lower than fluids with disseminated pyrite (Figure 3.15), indicating that 
Cu-Pb veins and disseminated pyrite are be sourced from a similar fluid. In contrast, quartz within a 
hematite-rich stratiform layer within the Irregully Formation indicates a wide range of fluid δ18O values 
between ~0.8‰ and ~5.3‰. Quartz with pyrite and hematite, that cross-cut both hematite-rich layers 
and chalcopyrite-galena veins, are estimated at fluid δ18O values between ~3.5 and ~4.9‰ (Figure 3.15). 
In addition, quartz in the polymetallic vein cross-cutting the Kiangi Creek Formation has a similarly 
wide range of calculated fluid δ18O values (~1 to 5.5 ‰) to quartz with stratiform hematite (Figure 3.15). 
Higher and lower values in mineralised veins are spatially distinct within the vein and occur adjacent to 
each other (Figure 3.11: AB60A_51b; AB60A_35a,b,c) pointing to the isotopic heterogeneity at scales 
of 10’s of microns. The calculated fluid δ18O values estimated from quartz associated with different 
ore mineral populations indicate that disseminated pyrite and chalcopyrite-galena mineralisation are 
derived from a similar fluid source whereas iron oxide, pyrite and polymetallic carbonate veins are 
precipitated from mixing of this fluid with isotopically lighter fluids. 
The range of fluid δ18O values estimated from quartz populations indicates an evolutionary trend of 
mixing between surface and formation waters involved with sedimentation and diagenesis, brittle 
fracturing and ore precipitation (Figure 3.14). Assuming a -30 ‰ mineral-water fractionation, the whole 
Figure 3.14 δ18Of – δD diagram modified from Taylor (1974), Hoefs (2007) and Wilkinson et al. (1995), highlighting the 
associations of quartz populations at Abra with different fluid sources using the δDWR values from this study and δD from 
Austen (2007). Projecting δD values into the fluid region defined by Austen (2007), fluid δD values plot within the Pb-Zn and 
Cu-Pb-Zn regions defined by Wilkinson et al. (1995) and close to the Global Meteoric Water Line and sea water (SMOW) for 
some quartz populations. 
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rock hydrogen data in this study is comparable to the heavier values obtained by Austen (2007). These 
δD values are similar to the those in the Pb-Zn and Cu-Pb-Zn fluid fields (Figure 3.14) determined by 
Wilkinson et al. (1995), who found that the Pb-Zn mineralisation associated with faults and fractures 
had a δD of -80 – -49 ‰, comparable to values found in this study for Abra. The δ18O values from 
Wilkinson et al. (1995) were within a higher range than Abra, between -0.1 and 4.7 ‰, indicating the 
fluids were not exactly comparable, which may reflect the low Zn content in the deposit. There is no 
evidence of magmatic fluids involved at Abra, not isotopically, spatially or temporarily. 
3.6.4 The source of sulphur in ore mineralisation
The mean δ34S value in pyrite and chalcopyrite, of 25.04±6.1 ‰, is higher than sedimentary pyrite 
formed between ~1.6-1.0 Ga and mean sea water sulphate at that time, which fluctuated between ~15-
20 ‰ (Canfield 2004). Sedimentary pyrite tends to have lower δ34S values compared to the sea water 
sulphate it is derived from due to large sulphide-sulphate fractionation (Canfield 2004; Seal 2006). High 
values in Abra sulphides may therefore indicate that sulphur is sourced from bacterial or thermogenic 
sulphate reduction (Seal 2006). Barite, which is abundant throughout Abra particularly in the stratiform 
zones, has very low solubility in fluids so that it is most likely that a fluid containing Ba has mixed 
with another containing SO4
2- to precipitate barite (Blount 1977). Fluids involved with sulphide and 
sulphate mineralisation are likely to be sulphur-poor, metal-rich fluids that have mixed with sulphur 
from residual surface fluids or with sedimentary sulphide in the host rock. 
3.6.5 The use of oxygen isotopes as an exploration tool 
Unmineralised cores AB15 and AB62 have a similar range in whole rock δ18O (Figure 3.9a). However, 
in the mineralised core AB60A, δ18OWR values are lower. The precipitation of chlorite and iron oxide 
minerals cause a decrease in δ18O values reflected in the decrease in values in AB60A compared to the 
other two cores, which do not contain significant iron oxide or chlorite. A correlation between whole rock 
δ18O values with Fe content and chlorite alteration may be useful as an exploration tool in sedimentary 
Figure 3.15: Range of δ18Of 
values at 250°C (coloured 
boxes) in quartz coexisting 
with different sulphide pop-
ulations and extended range 
into low (180°C) and high 
(320°C) temperatures.
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environments, as found in Wilamowski (2002), where low δ18O values point to mineralisation. To test 
this hypothesis further, more samples in cores between AB60A and AB62, and in areas surrounding the 
deposit, would need to be analysed in order to determine how far away from mineralisation the lighter 
oxygen isotopes could be detected. 
3.7 Fluid evolution in context of the tectonic setting of Abra
The tectonic setting for Abra mineralisation (~1600-995Ma) has previously been interpreted to be at 
an intracratonic rift system (Vogt and Stumpfl 1987; Cutten et al. 2016) and is tentatively linked to the 
1680-1620 Ma Mangaroon Orogeny, a period of intracratonic reworking (Sheppard et al. 2005; Johnson 
et al. 2015). It is suggested that the deposition of the Irregully Formation commenced just after the 
Mangaroon Orogeny between 1680 and 1610 Ma (Martin et al. 2008); however, this would suggest that 
the first stages of mineralisation, dated at 1610-1590 Ma from hydrothermal xenotime in the Black Zone 
(Zi et al. 2015), followed very closely behind the deposition of the Irregully Formation. Hydrothermal 
activity may have been coeval with the deposition of the Kiangi Creek sediments or the deposition of 
the Irregully Formation may have begun earlier, prior to the Mangaroon Orogeny in a late response to 
the intra-cratonic extensional reactivation during the 1820–1770 Ma Capricorn Orogeny as suggested 
by Sheppard et al. (2010a). 
The overlapping isotopic signatures of quartz-precipitating fluid involved at Abra (Figure 3.12; Figure 
3.14), and uncertainty in temperature estimates, makes determining a single robust genetic model 
difficult. The formation of sediment-hosted base metal deposits is linked to hydrological mechanisms 
occurring within the basin in response to regional-scale tectonics and basin-scale structures (Garven 
et al. 2001). The tectonic history of the Edmund Basin involves both extension and reactivation in 
an intracratonic setting (Sheppard et al. 2005; Sheppard et al. 2010a; AM Thorne et al. 2016) and 
a correspondingly long period of subsidence, sedimentation, magmatism, uplift and faulting (Martin 
and Thorne 2004; Martin et al. 2008; Cutten et al. 2016) providing a framework for metal enrichment 
and fluid migration. A combination of topographically-driven fluid flow and gravity-driven fluid flow 
creates circulation of basinal brines and formation waters, introduces meteoric and sea water into 
sedimentary rocks during recharge and creates and environment where they can effectively mix, aided 
and concentrated by active faults (Garven et al. 2001). Formation brines with isotopic values between 
0 to 8 ‰ δ18O and -25 to -5 δD, similar to Abra, can be modelled by mixing between isotopically-
enriched brines and isotopically-depleted meteoric waters (Moldovanyi et al. 1993). Thinning of the 
crust associated with intracontinental rifting, rapid rates of accommodation and rapid sedimentation 
could have created an elevated geotherm mobilising these basinal fluids (Vogt and Stumpfl 1987). 
The coarse sandstones of the Kiangi Creek Formation potentially provide an ‘aquifer’ for metal-
bearing fluids to migrate laterally through the sandstone matrix, evident in Abra mineralisation by the 
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chloritisation and sulphide mineralisation of sedimentary matrix. The formation and recrystallisation 
of colloform jaspilite and quartz in the Red Zone, and the commencement of diagenetic cementation 
formed from mixing of Si-rich basinal fluids with sea and meteoric water (Figure 3.14). Permeating 
fluids will be inhibited by cementation during burial (Lander and Walderhaug 1999) suggesting that 
significant chloritisation occurred earlier on (Figure 3.14). The Stringer Zone at Abra may therefore 
represent post-lithification fluid flow which is dominated by repeated brittle fracturing and vein/
brecciation remobilising metal-enriched fluid. These repeated events most likely link to compressional 
and transpressional tectonics during the 1280–1250 Ma Mutherbukin Tectonic Event (Thorne et al. 2012) 
and the 1030-955 Ma Edmundian Orogeny (A. M.  Thorne et al. 2016) as indicated by hydrothermal 
mineral growth with mineralisation at 1284 Ma, 1255 Ma and 995 Ma  (Rasmussen et al. 2010a; Zi 
et al. 2015). A hydrothermal event at Abra around 1385 Ma is not linked to any tectonic event and 
likely indicates continued fluid flow through the basin during times of quiescence. Reactivation along 
structures such as the Quartzite Well Fault, has likely created pathways for the recharge of surficial 
meteoric fluids and sea water and the discharge of formation fluids.
Sulphur isotopes are consistent with a seawater-sulphate source without any indication that magmatic 
sulphur was present. This calls into question the source of Cu-Au mineralisation which has been 
suggested as IOCG (Iron Oxide Copper Gold)-type or IPB (Iberian Pyrite Belt)-type mineralisation 
(Pirajno et al. 2016). IOCG-type deposit have been reported with fluid values between δ18O -1 and 
7.5 ‰ and δD -40 – 10 ‰ (Skirrow 2000; Torresi et al. 2012), and δ18O values between -5 and 8 ‰ 
have been reported for Cu-Au mineralisation associated with detachment-fault zones, a variant of non-
magmatic IOCG deposits (Zappettini et al. 2017). It is possible that the circulation of formation fluids 
can transport and concentrate Cu-Au mineralisation without magmatic fluid. Smaller base-metal deposits 
(Figure 3.1), including vein-hosted Cu and Au, can be found near to Abra along the Quartzite Well Fault 
and Lyons River fault corridor (Muhling and Barkel 1984; Pirajno et al. 2004; Thorne 2012) indicating 
that fluids transported along brittle structures and the long-lived tectonics of the Edmund Basin has been 
fundamental in the formation of base metal deposits in the Capricorn Orogen Proterozoic sediments. 
3.8 Conclusions
The combined approach of multiple isotope systems using in situ and whole rock techniques provides 
a way to estimate the composition, and hence identify sources, of fluid involved with sedimentation, 
diagenesis, brittle faulting and ore precipitation. At Abra, oxygen and hydrogen isotopes indicate a 
combination of formation and surface fluids involved in fluid evolution during regional tectonics, 
sedimentation and diagenesis in the Edmund Basin. In situ sulphur isotopes in disseminated, massive 
and vein pyrite and chalcopyrite all indicate a similar source of sulphide derived from reduction of 
sulphate indicating that metal-rich formation fluids have mixed with reduced sulphur in the host rock to 
precipitate sulphide. The δ18O values of fluid estimated from quartz coexisting with chalcopyrite-galena 
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mineralisation have a similar narrow range of δ18Of values to disseminated pyrite, likely sourced from 
formation fluid.  The δ18O values of fluid estimated from quartz coexisting with hematite, pyrite and 
polymetallic carbonate veins range from similar values to isotopically lighter values pointing to mixing 
between a fluid transporting Pb-Cu and lighter surface-derived fluids. In addition, a decrease in δ18O 
values with iron oxide and chlorite precipitation at Abra has the potential to be used as an exploration 
tool.
We have shown that the combination of different isotopic systems with lithological information, age 
constraints and ore mineralogy can be used to interpret sources of fluid and sulphur involved in basin 
formation, hydrothermal alteration and base metal mineralisation. Utilisation of in situ techniques has 
provided the ability to distinguish mineral populations in a petrographic context and can, therefore, be 
applied to a temporal framework to help reconstruct complex, overprinting systems.
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Ore fluid chemistry and vertical zonation in the sedimentary-hosted Pb-Cu-Ba-Zn-Ag Abra 
deposit, Western Australia: Implications from pyrite and chalcopyrite compositions
Abstract
The compositions of common ore sulphides vary due to changes in physico-chemical conditions in a 
mineralising fluids. Mineral chemistry, in conjunction with mineral texture and cross-cutting relation-
ships, can be used to infer the geochemical genesis of a deposit. Whole rock composition, sulphide tex-
ture and trace element compositions from the Abra Pb-Cu-Ba-Zn-Ag deposit in the Capricorn Orogen, 
Western Australia, have been used in this study. Vertical zonation is influenced by changes in sedimen-
tary facies, the creation of a redox boundaries, and vertical temperature change. The uppermost strati-
form zone is an oxidising hematite-stable environment, enriched in Mn, V, Na and U, hosting Mn-rich 
pyrite. The underlying stratiform zone is a low-fO2 replacement zone that is sulphide-rich, containing 
pyrite with high Pb, Zn, Cu, and low As and Au content. Coarse sandstones in the upper stringer zone 
provide an aquifer for fluid mixing, causing the precipitation of massive and overprinting vein sulphide 
(galena-chalcopyrite-pyrite± sphalerite± iron oxide) from moderate to high temperature, reducing flu-
ids. Zoned vein pyrite in this zone is enriched in Pb-Zn-Cu-As-Ni-Co-Ag-Au. The lowermost siltstones 
and sandstones host disseminated, massive and overprinting vein sulphides with a predominantly chal-
copyrite-magnetite-pyrite assemblages. Pyrite in veins and missive mineralisation is enriched in Cu-
Bi-Au. Mineral chemistry points to a more oxidising, higher temperature environment during massive 
mineralisation, high temperature, reducing environment during disseminated mineralisation, and low 
temperature, reducing environment during chalcopyrite-pyrite vein mineralisation. Unmineralised silt-
stones and sandstone, equivalent to the lower stringer zone, have elevated Pb, Zn and Ba indicating that 
it is a potential source rock for metals in the deposit. Copper-As-Au and Cu-Bi-Au mineralisation map 
have been remobilised from earlier events along the dominant E-W structure cross-cutting the Edmund 
Basin. Fluid flow is driven by low grade metamorphism, basin extension, inversion and faulting.
 
4.1 Introduction
The trace element compositions of common ore sulphides have become an important tool in ore deposit 
geology because of the dependence of some elements on the varying physico-chemical conditions of 
mineralisation (Huston et al. 1995; van Hinsberg et al. 2010; Reich et al. 2013; Deditius et al. 2014; 
Mukherjee and Large 2017; Reich et al. 2017). Sulphide texture, indicative of growth processes, can 
be used in combination with mineral composition as tracers of the spatial and temporal evolution of a 
deposit (Large et al. 2007; Hou et al. 2016; Kouhestani et al. 2017). Pyrite textures are widely used 
to identify the paragenesis of mineralisation and the ore-forming environment (Alonso-Azcárate et al. 
2001; Pal et al. 2009; Kouhestani et al. 2017). Furthermore, pyrite is known to contain a wide range 
of trace elements at high abundances, e.g. As, Cu, Co, Ni, V, Pb, Sb, Se, Te, Ag, Au, Mo (Huston et al. 
1995; Zhang et al. 2014; Gregory et al. 2015; Hou et al. 2016), indicating its suitability as a chemical 
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tracer of ore-fluid, as well as ocean conditions and diagenetic setting (Large et al. 2014; Gregory et al. 
2015; Mukherjee and Large 2016; Mukherjee and Large 2017). 
The vertically-zoned Abra Pb-Cu-Ba-Zn-Ag deposit in the Capricorn Orogen, Western Australia is one 
of the largest know base-metal deposits within the region. Multiple studies over the past 30 years have 
described the host rocks and ore textures, and used isotopic and chemical data to interpret the tempera-
ture, salinity and potential sources of ore fluids (Vogt and Stumpfl 1987; Boddington 1990; Weber 1994; 
Vogt 1995; Pirajno et al. 2009; Pirajno et al. 2016; Meadows et al. 2018). It has been hypothesised that 
mineralisation at Abra involved input from an adiabatic upwelling mantle (Boddington 1990; Austen 
2007), felsic volcanism or magmatic intrusions (Pirajno et al. 2016), fluid circulation through a sed-
imentary basin (Vogt and Stumpfl 1987; Austen 2007; Pirajno et al. 2016; Meadows et al. 2018) and 
fluid channelling along structural locus (Pirajno et al. 2016). Processes involving exhalation, fluid mix-
ing, change in pH, change of oxidation state and fluid buffering have all been invoked by these authors. 
Galena is the most economically important sulphide at Abra. Chalcopyrite is also present but in much 
lower abundances. The origin of Cu-Au mineralisation is contentious since copper is most commonly 
associated with magmatic deposits (Hedenquist and Lowenstern 1994; Sillitoe 2010; Brauhart et al. 
2017) yet Abra is temporally, spatially and isotopically unrelated to significant magmatism. Pyrite is 
ubiquitous throughout the deposit and surrounding rocks and coexists with different sulphides, includ-
ing chalcopyrite and galena. 
This study presents detailed descriptions of pyrite and chalcopyrite texture within the vertically zoned, 
sedimentary-hosted Abra deposit, Western Australia. Trace element compositions for both sulphides 
are linked to textural populations within the spatial context of the vertical zonation. The trace element 
compositions reflect the whole rock composition of vertical zones and the ore-fluids involved, providing 
new insight into the genesis of the Abra deposit and into the use of sulphide trace elements as geochem-
ical markers of ore formation.
4.2 Geological background
The Capricorn Orogen in Western Australia is an east-west trending series of terranes comprised of the 
Archaean Gascoyne Complex basement, multiple magmatic and metasedimentary units, and overlying 
sedimentary basins (Figure 4.1a,b)(Cawood and Tyler 2004). The orogen records the amalgamation of 
the Archaean Pilbara and Yilgarn Cratons beginning with the 2215-2145 Ma Ophthalmian Orogeny 
(Occhipinti et al. 2004; Johnson et al. 2011a) and ending with the 2005-1950 Ma Glenburgh Orogeny 
(Occhipinti et al. 2004; Johnson et al. 2010) to form the Western Australian Craton. Multiple reworking 
events followed the suture from 1820 Ma to 570 Ma (Sheppard et al. 2010b).
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The Proterozoic Edmund and Collier Groups, previously known as the Bangemall Supergroup, is the 
largest and youngest sedimentary group in the Capricorn Orogen and unconformably overlies the Gas-
coyne Complex, the Pilbara Craton in the north, the Yilgarn Craton in the South, and older sedimentary 
basins (Figure 4.1b) (Martin and Thorne 2004). The age of the basin is still poorly constrained but has 
been dated between 1680 – 1465 Ma for the Edmund Group and an upper age of 1070 Ma for the Col-
lier Group (Martin et al. 2008; Cutten et al. 2016a). A deep crustal seismic reflection survey through 
the Capricorn Orogen has revealed what is interpreted to be a regional scale half-graben structure in 
the Edmund Basin (Johnson et al. 2011c). Initiation of sedimentation in the basin is tentatively linked 
to the 1680-1620 Ma Mangaroon Orogeny (Sheppard et al. 2005) or as a late response to the intracra-
tonic 1830-1780 Ma Capricorn Orogeny (Sheppard et al. 2010a). During the deposition of the Edmund 
Group, normal fault movement occurred along most of the major faults, including the Quartzite Well 
Fault north of Abra (Figure 4.1b), with extension at its greatest during the deposition of the Irregully 
Figure 4.1: a) Geological map of the Capricorn Orogen indicating the extent of the Edmund and Collier Basins and the location 
of Abra, modified from Cutten et al. (2016); b) Local geology surrounding Abra indicating the position of deposit relative to 
regional scale structures, basement and other ore occurrences, redrawn from GSWA’s GeoVIEW GIS database; c) The location 
of drill core AB60A, cross-cutting mineralisation, and AB15.
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Formation (Martin and Thorne 2004; Cutten et al. 2016b). Three regional events have been identified 
within the basin that have deformed the sediments after the main period of sedimentation: 1321-1171 
Mutherbukin Tectonic Event (Johnson et al. 2011b), the 1026-954 Ma Edmundian Orogeny (Sheppard 
et al. 2007; Thorne et al. 2016), and the c. 570 Ma Mulka Tectonic Event (Sheppard et al. 2010b). The 
Mutherbukin Event (Johnson et al. 2016) resulted in very low grade metamorphism throughout the ba-
sin with peak metamorphism terminated at 1210 Ma followed by cooling (Korhonen et al. 2015). Basin 
inversion is constrained to 1321 – 1171 Ma coinciding with the Mutherbukin Orogeny and linked to 
probable decrease in extensional movement and sedimentation during that time (Cutten et al. 2016a). 
The Edmundian Orogeny forms east-southeast trending open to tight, upright folds and normal, reverse 
and strike-slip faults due to north-south shortening, and the Mulka Tectonic Event is reflected in shear 
zones and faults that cross cut the southwest Edmund Basin including the dextral strike-slip Chalba and 
Ti Tree Shear Zones (Sheppard et al. 2010b).
In the centre of the Edmund-Collier Basin, in which Abra formed, the Edmund Group is thought to have 
been deposited over the 1680-1620 Ma Durlacher Supersuite (Zi et al. 2015) or 1817-1776 Ma Moora-
rie Supersuite (Muhling and Barkel 1984; Rasmussen et al. 2010b), which outcrops as the Coobarra 
Dome to the east of Abra (Figure 4.1b). The deposit is situated within an east-west structural corridor 
just south of the Quartzite Well Fault, a subsidiary to the Lyons River Suture Zone (Johnson et al. 2013) 
and is cross cut by later northeast-southwest faults (Figure 4.1b,c). The Abra sub-basin consists of the 
Irregully Formation unconformably overlain by the Kiangi Creek Formation (Figure 4.2a,b), although 
there has been a recent suggestion that the Gooragoora Formation is present in between them (Johnson 
et al. 2015). The Irregully Formation comprises of near-shore or deltaic laminated and interbedded 
dolomitic and sometimes felspathic siltstone, with occurrences of stromatolite mats and gypsum casts 
towards the top of the sequence (Vogt 1995). The Kiangi Creek Formation is a basal immature arenite 
and polymict conglomerate followed by laterally discontinuous alternating siltstones, shale, turbidite 
and conglomerate beds deposited in a shallow coastal sea (Vogt 1995). The Tangadee Rhyolite and 
felsic volcaniclastics are interbedded with the lower Kiangi Creek Formation 10-25 km from Abra (Ras-
mussen et al. 2010b) but are younger than main mineralisation (Zi et al. 2015). SHRIMP U-Pb ages of 
xenocrysts in the Tangadee Rhyolite indicate an extrusion age of c.1235 Ma and subsequent alteration at 
c.1030 Ma although these young ages to not correlate with the 1620-1465 Ma age of the Kiangi Creek 
Formation host rock (Rasmussen et al. 2010b). Other volcaniclastics including lapilli tuff (Vogt 1995) 
and potential felsic volcanic sandstone (Pirajno et al. 2016) are also described, and the Edmund Group 
sediments have been extensively intruded by mafic sills aged 1465 Ma and 1070 Ma (Wingate 2002; 
Morris and Pirajno 2005) (Figure 4.1b).
4.3 Abra deposit
Abra is a mineralogically-zoned, stratiform deposit within the Kiangi Creek Formation overlaying a 
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lower stringer zone that crosses the Irregully and Kiangi Creek formations (Figure 4.2b). The majority 
of mineralisation is confined below an unconformity which has been interpreted to represent a flooding 
surface (Rasmussen et al. 2010b; Johnson et al. 2015). The main phase of hydrothermal alteration is 
dated at 1610-1590 Ma (U-Pb on diagenetic monazite) (Zi et al. 2015) coinciding with the deposition 
of the host sediments and some later dates of 1385 Ma, 1284 Ma, 1255 Ma and 995 Ma (Pirajno et al. 
2009; Rasmussen et al. 2010b; Zi et al. 2015; Pirajno et al. 2016) represent later fluid or reworking 
events. An early hydrothermal event producing Na-metasomatism and a later phase Fe-rich carbonate 
event is also recognised at the deposit (Pirajno et al. 2016).
4.3.1 Vertical mineral and textural zonation 
Abra is split into three mineralogical zones: the Red Zone, Black Zone and underlying Stringer Zone 
(Figure 4.2c) described in detail by (Weber 1994; Vogt 1995; Pirajno et al. 2016). The Red Zone exhib-
its colloform banded jaspilite-hematite-quartz-barite-carbonate-pyrite-siderite giving it a distinctive red 
colour (Pirajno et al. 2016). The characteristic colloform texture is interspersed with beds of generally 
coarse or gravel sandstones with carbonate, barite and chlorite cementation (Pirajno et al. 2016; Mead-
ows et al. 2018). Most sulphide mineralisation is within quartz, carbonate and barite brecciation and 
veins that cross-cut sandstone and jaspilite. The boundary between the Red Zone and the Black Zone 
is indistinct and gradational (Weber 1994) with an interim layer of massive carbonate and quartz de-
scribed by some as the Dolomite Zone (Austen 2007; Zi et al. 2015). The Black Zone consists of band-
ed specularite hematite-magnetite-jaspilite-quartz-carbonate-barite-pyrite-chalcopyrite, but the original 
mineralogy is interpreted to have been hematite-magnetite-carbonate-quartz-pyrite deposited during 
chemical sedimentation in oxidising conditions (Vogt 1995). Iron oxide has recrystallised into euhedral 
crystals and elongate barite crystals that intrude into and deform the colloform laminations, indicative 
of their early syn-sedimentary - early diagenetic formation (Vogt 1995). Massive galena, chalcopyrite, 
sphalerite and pyrite mineralisation overprints earlier banding. Homogenisation temperatures of fluid 
inclusions in the Red and Black Zone are between 150 and 235°C and fluid salinities vary between 7 
and 12 wt. % NaCl equivalent (Austen 2007; Pirajno et al. 2016).
The stringer zone cuts through the Kiangi Creek Formation coarse sandstones and the Irregully For-
mation siltstones, both of which have been chlorite altered. Mineralisation in the Kiangi creek For-
mation occurs as disseminated sulphide and iron oxide and with quartz and quartz-carbonate veins. 
Ore precipitation within quartz-carbonate veins and in vein alteration zones consists predominantly 
of galena, chalcopyrite and pyrite with minor amounts of sphalerite, barite and iron oxide. The finer 
grained Irregully Formation hosts disseminated pyrite that forms in aggregates along the sedimentary 
laminations (Meadows et al. 2018) as well as iron oxide, chalcopyrite, galena and sphalerite precipitate 
within chlorite-altered sedimentary matrix. Cross-cutting quartz and chlorite veins contain predomi-
nantly chalcopyrite, pyrite and magnetite with minor amounts of galena, sphalerite and barite. Multi-
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ple generations of repetitive sulphide-iron oxide and gangue minerals in a crack-seal texture are also 
observed. Fluid inclusion homogenisation temperatures within the Stringer Zone indicate a wide range 
between ~180-250°C, with some analyses up to ~359°C, and has been interpreted to represent multiple 
fluid events (Austen 2007). Salinities range between 7 and 19.8 wt. % NaCl equivalent (Austen 2007), 
slightly higher than in the stratiform zones. 
4.4 Analytical methods
4.4.1 Whole rock XRF analysis
Whole-rock x-ray fluorescence (XRF) was undertaken at Franklin and Marshall College, Pennsylvania, 
USA. Samples were chosen from different vertical zones in drill core AB60A which cross-cuts Abra 
mineralisation and drill core AB15 which is distal to the deposit, ~2km away from the mineralised 
zone (Figure 4.1c; Figure 4.2c,d). Samples were initially crushed at Curtin University using a tungsten 
carbide mill before being sent to Franklin and Marshall College to be crushed again so that the rock 
powders pass through an 80 mesh sieve. The samples were analysed for major elements, trace ele-
ments, loss on ignition (LOI) and Fe2+. The methodology of XRF analysis is available from the Franklin 
and Marshall College, XRD and XRF Laboratory website (Frankline and Marshall 2017), summarised 
as follows: Crushed rock powder (0.4±0.0001 grams) is mixed with lithium tetraborate (3.6±0.0002 
grams) and placed in a platinum crucible then heated until molten, before it is transferred to a plati-
num casting dish and quenched for major element analysis. Trace element analysis requires a further 
7.0±0.0004 grams of rock powder mixed with 1.4±-.0002 grams of high purity copolywax powder and 
pressed into a briquette. Loss on ignition is determined by heating an aliquot of the sample at 950°C for 
one hour. Working curves for each element, both major and trace elements, are determined by analysing 
geochemical rock standards from Abbey (1983)and Govindaraju (1994) using 30-50 data points and 
element interferences. The Rh Compton peak is utilized for a mass absorption correction for region one 
elements. Standard errors are presented in Table 4.1S.
To show enrichment in vertical mineralisation zones at Abra, whole rock XRF data has been presented 
in isocon diagrams from Grant (1986, 2005) which plots the ‘least altered’ rock (AB15) on the x-axis 
versus the ‘most altered’ rock (AB60A) on the y-axis. Zero element movement is indicated by the iso-
con line which is plotted by choosing an immobile element, in this case Zr since there is strong variation 
in other elements commonly treated as immobile (Al, Ti, Y) (MacLean and Kranidiotis 1987). Elements 
plotting above the isocon line are enriched in the ‘altered’ rock and those plotting below are depleted in 
the ‘altered’ rock. Isocon diagrams are generated using the AutoIsocon Software (White 2017). 
4.4.2 In-situ LA-ICP-MS sulphide trace elements
Sixteen thin sections from drill core AB60A containing pyrite and chalcopyrite (Figure 4.2c) were 
analysed over three runs using a quadrupole detector in the Geohistory LA ICP MS facility in the John 
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Sample Depth/m Formation Zone Description Style of sulphide mineralisation
Method of 
analysis
AB60A_16 243.4 Kiangi N/A Laminated very fine sandstone Vein WR
AB60A_18 253.9 Kiangi Red Colloform jaspillite-hematite-quartz-barite Vein LA
AB60A_20 273 Kiangi Red Massive quartz-pyrite-iron oxide-galena-chalcopryite Massive in brecciation LA
AB60A_23 300.8 Kiangi Red Conglomerate-gravel, Fe-rich, carbonate-chlo-rite-quartz-barite cement Not visable WR
AB60A_24 303.4 Kiangi Red Medium sandstone, chlorite cement Not visable WR
AB60A_26 314 Kiangi Red Very coarse sandstone-gravel with qtz-barite-carbonate cement Not visable WR
AB60A_28 332.3 Kiangi Black Colloform hematite-magnetite-carbonate-pyrite-barite Massive, overprinting LA
AB60A_29 338.5 Kiangi Black Colloform hematite-magnetite-carbonate-pyrite-barite Massive, overprinting LA
AB60A_33 379.2 Kiangi Stringer Chlorite altered fine sandstone cross-cut by quartz-sul-phide veins Vein LA
AB60A_34 386.9 Kiangi Stringer Massive quartz-pyrite-iron oxide-galena-chalcopryite Massive LA
AB60A_35 411 Kiangi Stringer Chlorite altered fine sandstone altered by cross-cutting polymetallic dolomite vein Vein LA
AB60A_37 423.2 Kiangi Stringer Chlorite altered, fine sandstone Disseminated and vein WR
AB60A_41 434.6 Kiangi Stringer Chlorite altered fine sandstone cross-cut by quartz-sul-phide veins Vein LA
AB60A_43 446.5 Kiangi Stringer Chlorite altered fine sandstone cross-cut by quartz-sul-phide veins
Disseminated and 
vein LA,WR
AB60A_45 457.2 Kiangi Stringer Chlorite altered fine sandstone cross-cut by quartz-sul-phide veins Vein LA
AB60A_47 465 Kiangi Stringer Chlorite altered, fine to coarse sandstone Matrix replacement WR
AB60A_48 465.7 Irregully Stringer Chlorite altered fine sandstone obliteratied by chlo-rite-sulphide mineralisation Matrix replacement LA
AB60A_51 496.4 Irregully Stringer Chlorite altered siltstone and medium sandstone Disseminated-matrix replace WR
AB60A_53 533.9 Irregully Stringer Chlorite altered, very fine sandstone Disseminated-matrix replace WR
AB60A_55 542 Irregully Stringer Chlorite altered fine sandstone with pyrite cross-cut by quartz veins
Disseminated-
matrix replace LA
AB60A_58 560 Irregully Stringer Chlorite altered fine sandstone with disseminated sulphide cross-cut by quartz-sulphide veins
Disseminated and 
vein LA, WR
AB60A_60 580 Irregully Stringer Chlorite altered, laminated, fine to very fine sandstone Disseminated and vein WR
AB60A_62 600.8 Irregully Stringer Chlorite altered fine sandstone with pyrite cross-cut by quartz and chlorite veins Disseminated LA, WR
697428A 619 Irregully Stringer Chlorite altered sandstone Massive, matrix replacement LA
AB60A_64 624.5 Irregully Stringer Chlorite altered fine sandstone cross-cut by repetative quartz-sulphide-iron oxide veins Vein LA
AB60A_66 633.8 Irregully Stringer Chlorite altered fine sandstone cross-cut by repetative quartz-sulphide-iron oxide veins Vein LA
AB60A_67 639.7 Irregully Stringer Chlorite altered, laminated, very fine sandstone WR
AB15-3 108.7 Kiangi N/A Micaceous laminated siltstone Not visable WR
AB15-4 115.3 Kiangi N/A Micaceous laminated fine sandstone to siltstone and gravel Not visable WR
AB15-5 134 Kiangi N/A Fine-medium sandstone, mica Not visable WR
AB15-6 147.7 Kiangi N/A Medium-course sandstone, mica Not visable WR
AB15-7 165.9 Kiangi N/A Medium sandstone with qtz cement, mica Not visable WR
AB15-10 183.6 Kiangi N/A Very fine sandstone, mica Not visable WR
AB15-11 225.2 Kiangi N/A Coarse sandstone to gravel, mica Not visable WR
AB15-13 251.3 Kiangi N/A Micaceous siltstone and medium sandstone. Not visable WR
AB15-14 280.3 Irregully N/A Micaceous laminated siltstone to coarse sandstone Disseminated WR
AB15-15 315 Irregully N/A Micaceous laminated siltstone to medium sandstone Disseminated WR
Table 4.1: Sample descriptions and method of analysis on each.
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Sulphide 
population
Zone
Texture
M
atrix/associations
Precipitation/m
ineralisation 
style
R
elationships 
and relative 
tim
ing
Evidence for tim
ing
Sam
ples
C
cp-D
Stringer
A
nhedral, seive texture
D
issem
inated in sedm
im
ent m
atrix w
ith
R
eplacem
ent of sedim
entary 
m
atrix/pervasive fl
uid fl
ow
W
ith Py-D
In altered sedim
ent m
atrix
A
B
60A
_ 55, 
43,58
C
cp-M
1
B
lack
A
nhedral, seive texture
H
em
atite/m
agnetite-carbonate-barite 
chem
ical sedim
ent replacem
ent
R
eplacem
ent of chem
ical 
sedim
ents
A
fter Py-M
1
Infi
ls cracks in py
A
B
60A
_ 
28, 29
C
cp-M
2
Stringer (K
iangi 
C
reek Fm
.)
A
nhedral, seive texture
W
ith m
agnetite and galena in chlorite 
altered m
atrix
R
eplacem
ent of sedim
entary 
m
atrix/pervasive fl
uid fl
ow
A
fter Py-M
2
Infi
ls cracks in py
A
B
60A
_ 48
C
cp-M
3
Stringer (Irreg-
ully Fm
.)
A
nhedral, seive texture
W
ith m
agnetite in chlorite altered m
atrix
R
eplacem
ent of sedim
entary 
m
atrix/pervasive fl
uid fl
ow
A
fter Py-M
3
Infi
ls cracks in py
697428A
C
cp-S1
R
ed
A
nhedral, seive texture
In carbobate-barite, w
ith chalcopyrite and 
iron oxide, cross-cutting R
ed Zone. 
H
ydrotherm
al vein
A
fter Py-S1
C
ross-cuts chlorite-altered host rock, alters Py
A
B
60A
_18
C
cp-S2
R
ed
A
nhedral, seive texture
In brecciaition w
ith galena and quartz
H
ydrotherm
al brecciation
A
fter Py-S2
Infi
lls cracks in py, w
ith galena in brecciated py
A
B
60A
_20
C
cp-S3
Stringer (m
ainly 
K
iangi C
reek 
Fm
.)
A
nhedral, seive texture
C
oeval w
ith galena in quartz veins
H
ydrotherm
al vein
A
fter Py-S3/5
Infi
ls cracks in py
A
B
60A
_41, 
43, 45, 58
C
cp-S4
Stringer (K
iangi 
C
reek Fm
.)
A
nhedral, seive texture
W
ithin alteration zone of polym
etallic 
vein from
 M
eadow
s et al. (in review
), 
associated w
ith hem
atite and barite
H
ydrotherm
al vein
B
efore or 
w
ith Py4
Intergrow
n in hem
atite, w
ith or before pyrite
A
B
60A
_35
C
cp-S5
Stringer (m
ainly 
Irregully Fm
.)
A
nhedral, seive texture
C
oeval w
ith m
agnetite in quartz veins
H
ydrotherm
al vein
A
fter Py-S3/5
Infi
ls cracks in py
A
B
60A
_33, 
64, 66
Table 4.2 continued.
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Figure 4.3 Textures in disseminated pyrite: a) AB60A_43, Py-D1 in the Kiangi Creek Formation indicating growth zoning; b) 
AB60A_55 and c) AB60A_55, Py-D2 in the Irregully Formation, euhedral shapes with magnetite inclusions; d) AB60A_58, e) 
AB60A_62 and f) AB60A_62, Py-D3 in the Irregully Formation, pyrite clusters following sedimentary laminations. Abbrevia-
tions: py = pyrite, mag = magnetite, gn = galena.
de Laeter Centre, Curtin University. Standards analysed include GSD-1G, GSE-1G, BONN, IMER, 
Po726, ATHOG and St Helens which were measured after every twenty unknowns to check for in-
strument drift during the analysis. Each run used an ablation time of 85 s, a pulse frequency of 7 Hz, 
a beam fluence of 2.1 Jcm-2, and ablated a spot size of 75 µm. A large suite of elements were analysed 
for including Mg24, Al27, Si29, S34, Ca43, Ti47, Ti49, V51, Cr52, Cr53, Mn55, Fe56, Fe57, Co59, Ni60, Cu63, Zn66, 
As75, Mo95, Ag107, Cd111, In115, Sn118, Sb121, Te125, Ba137, W182, Au197, Tl205, Pb208, Bi209. Instrument errors 
for each element are generally an order of magnitude or more less than the analyses (Table 4.2S). Data 
reduction was performed in Iolite Software in Igor Pro. Baseline counts were removed before using the 
Trace Elements DRS (Data Reduction Scheme) to calculate trace element quantities in ppm (parts per 
million). Pyrite and chalcopyrite were both reduced using an internal standard element Fe57 and GSD-1g 
as the primary standard. Stoichiometric values of Fe in pyrite (46.55 wt.% Fe) and chalcopyrite (30.43 
wt.% Fe) were assumed, and agrees with EBSD and EDS data from these minerals at Abra. Standard 
errors are presented in Table 4.3S and are calculated using primary and secondary standards. A table of 
polyatomic interferences for LA-ICP-MS was consulted to ensure no peak overlaps between elements 
of interest. Inclusions are common in all sulphide grains; large inclusions have been avoided during 
laser analysis. Element signals have been examined to detect large peaks in major elements of other sul-
phides (Pb, Zn, Cu), carbonates (Ca) or silicates (Si, Al), and removed during trace element reduction.
4.5 Results
4.5.1 Sulphide textures
Sample descriptions are presented in Table 4.1. Pyrite (Py) and chalcopyrite (Ccp) textures in core 
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AB60A are described and grouped into textural populations within the vertical zonation (Table 4.2). 
Three main textural/depositional groups through core AB60A are: disseminated pyrite/chalcopyrite (Py/
Ccp-D), massive pyrite/chalcopyrite (Py/Ccp-M) which includes sulphide that has precipitated within 
replaced sedimentary matrix and chemical sediment, and structurally-hosted pyrite and chalcopyrite 
(Py/Ccp-S) which includes brecciation and vein-hosted mineralisation (Figure 4.3-5). Textural sub-
groups within each group are numbered from the top of the core downwards (e.g. Py-M1, Py-M2, Py-
M3).
Disseminated Py-D1 and Py-D2 occur within the chlorite-altered sedimentary matrix of medium- to 
coarse-grained Kiangi Creek Formation sandstones. Py-D1 grains are 100-200 µm, anhedral with 
patchy zoning and numerous inclusions (Figure 4.3a) whereas Py-D2 grains are large (300 - >1000 µm) 
and euhedral (Figure 4.3b,c). Py-D2 grains show no zoning in reflected light and are commonly sieve 
textured, or incorporate large inclusions of magnetite (Figure 4.3b,c). Py-D3 occurs within the Irregully 
Figure 4.4 Textures in massive pyrite: a) AB60A_28, b) AB60A_28, blocky, colloform Py-M1 in the Black Zone with 
interstitial magnetite, hematite and chalcoprytie; c) AB60A_28, Py-M1 and magnetite coupled growth; d) AB60A_29 and e) 
AB60A_29, magnetite and Py-M1 replacing hematite; f) AB60A_29, Py-M1 growing outwards from wall-rock nucleus with 
oscillatory zoning; g) AB60A_34 and h) AB60A_48, anhedral Py-M2 in the Kiangi Creek Formation with growth zones and 
brecciated edges in contact with galena mineralisation; i) 697428A, euhedral Py-M3 in the Irregully Formation precipitating 
with magnetite and chalcopyrite. Dashed lines trace aligned inclusion trails through pyrite. Abbreviations: py = pyrite, mag = 
magnetite, gn = galena, ccp = chalcopyrite.
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Figure 4.5 Textures in structurally-hosted pyrite: a) AB60A_18, fractures euhedral-subhedral Py-S1 with chalcopyrite and mag-
netite in a carbonate-barite vein cross-cutting the Red Zone; b) AB60A_20 and c) AB60A_20, Py-S2 and magnetite brecciated 
by galena-chalcopyrite bearing fluids in quartz-brecciation through the Red Zone; d) AB60A_33, e) AB60A_41, f) AB60A_43 
and g) AB60A_43, subhedral Py-S3 with multiple growth zones (1,2 and 3) and interstitial galena-sphalerite or chalcopy-
rite-magnetite, predominantly within the Kiangi Creek Formation; h) AB60A_45 and i) AB60A_64, euhedral Py-S5 with or 
without oscillatory zoning with interstitial magnetite-chalcopyrite or chalcopyrite-galena, predominantly within the Irregully 
Creek Formation. Abbreviations: py = pyrite, mag = magnetite, gn = galena, ccp = chalcopyrite, sp = sphalerite
Formation, disseminated within a chlorite-altered carbonaceous matrix. Py-D3 are fine grained (<100 
µm) euhedral-subhedral grains or clusters of grains which form along sedimentary laminations and 
soft-sediment structures in fine grained siltstones, or are randomly distributed within coarser grained 
sediment (Figure 4.3,d,e,f). Grains and grain clusters exhibit patchy zoning and larger grains contain 
some inclusions of sediment matrix (Figure 4.3d,e,f).  
Massive Py-M1 forms in aggregates of subhedral to anhedral grain masses that follow the banding of 
chemical sediments in the Black Zone that is now predominantly hematite, magnetite, carbonate and 
barite. Individual Py-M1 grains are mostly ≤100 µm and contain micron- to submicron-scale inclusions 
of carbonate, hematite, magnetite, chalcopyrite and chalcopyrite blebs (Figure 4.4a-f). In some areas 
replacement textures indicate that anhedral pyrite and magnetite masses have replaced hematite (Figure 
4.4c,d,e). In other areas, more euhedral pyrite exhibits oscillatory growth zoning away from a surface, 
indicating free growth (Figure 4.4f). Py-M2 occurs in the Kiangi Creek stringer zone in areas of massive 
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pyrite, chalcopyrite, galena and minor magnetite in crystalline quartz matrix. Pyrite grains are subhedral 
to anhedral, up to ~500 µm in size. Partial oxidation of pyrite in thin section revealed prominent zoning 
and at least two stages of pyrite growth, dissolution and overgrowth of new pyrite (Figure 4.4g,h). Ear-
lier pyrite growth has been preferentially oxidised so that it is now iridescent blue-orange in reflected 
light. Remnant grains show concentric oscillatory growth zoning of euhedral crystals before dissolution 
and subsequent growth of less oxidised orange-yellow pyrite without growth zoning (Figure 4.4g). The 
boundaries of pyrite in contact with later galena are brecciated (Figure 4.4g) and some grains show 
intricate patterns across the surface of the grains (Figure 4.4f). Py-M3 within the Irregully Formation 
Figure 4.6 Textures in chalcopyrite: a) AB60A_55 and b) AB60A_55, disseminated Ccp-D; c) AB60A_48, Ccp-M2 in the 
Kiangi Creek Formation with galena, d) 697428A, Ccp-M3 in the Irregully Formation with magnetite; e) AB60A_18, Ccp-S1 
with magnetite in a carbonate-barite vein cross-cutting the Red Zone; f) AB60A_20, Ccp-S2 with galena in quartz-brecciation 
through the Red Zone; g) AB60A_45, h) AB60A_58 and i) AB60A_58, Ccp-S3 in pyrite-chalcopyrite-galena veins predom-
inantly within the Kiangi Creek Formation; j) AB60A_33, k) AB60A_64, l) AB60A_66, Ccp-S5 with pyrite and magnetite 
predominantly within the Irregully Formation. Abbreviations: py = pyrite, mag = magnetite, gn = galena, ccp = chalcopyrite
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stringer zone occurs with massive chalcopyrite and magnetite, but is not brecciated. Pyrite grains range 
from small (<50 µm) anhedral grains with rounded edges that are in contact with the later chalcopy-
rite, to larger (>100 µm) euhedral grains in contact with the host rock (Figure 4.4i). Pyrite grains have 
straight and parallel inclusion trails which remains at a constant orientation in all grain orientations, 
and chalcopyrite blebs (Figure 4.4i) similar in appearance to ‘chalcopyrite disease’ texture described in 
sphalerite (Nagase and Kojima 1997). 
Structurally-hosted Py-S1 is large (>500 µm) and euhedral, precipitating at the edge of carbonate-barite 
veins with chalcopyrite and magnetite that cross-cut the banded jaspilite-hematite-quartz-barite of the 
Red Zone (Figure 4.5a). Grains are fractured, contain inclusions and are embayed, infilled with quartz, 
chalcopyrite and iron oxide (Figure 4.5a). Py-S1 grains include blebs of chalcopyrite in a similar texture 
to Py-M3. Py-S2 also occurs in in the Red Zone but within a zone of quartz-filled brecciation. Grains 
are up to a few 100 µm in size and the grain shapes indicate that they were once euhedral but are now 
completely brecciated along aligned cleavage orientations, or randomly, and infilled with galena and 
chalcopyrite (Figure 4.5b,c). The grains have been oxidised to iridescent blue-orange and the boundar-
ies of brecciated clasts of pyrite have pale yellow overgrowths (Figure 4.5b,c). 
Py-S3 occurs predominantly within the Kiangi Creek Formation stringer zone. It is coarse-grained, 
euhedral-subhedral (~100-1000 µm) pyrite that precipitates within the centre and edges of quartz veins, 
along with chalcopyrite, galena, sphalerite and iron oxide (Figure 4.5d-g). Pyrite grains show two or 
three stages of growth and dissolution including (1) an early stage of now-oxidised pyrite with irides-
cent blue-orange colour in reflected light and oscillatory growth zoning, (2) epitaxial overgrowth of 
orange pyrite and (3) a later overgrowth of now-oxidised iridescent pale blue coloured pyrite (Figure 
4.5g). Stages 1 and 2 were followed by dissolution which has created anhedral grain shapes and em-
bayment’s that cut through oscillatory zoning patterns. Not all grains exhibit all pyrite growth stages 
but most grains have sieve textures, particularly in the inner zones, and fractures filled with host matrix, 
galena, chalcopyrite or iron oxide. Py-S4 grains are described in Meadows et al. (in review) and have 
precipitated within the altered host rock around a polymetallic quartz-dolomite vein including galena, 
magnetite, hematite, chalcopyrite, sphalerite and minor barite. Py-S4 grains are ~100-500 µm, euhe-
dral-subhedral, hosting numerous inclusions of quartz, dolomite, galena, chalcopyrite and iron oxide 
which also fill fractures. Py-S5 occurs predominantly within the Irregully Formation stringer zone, in 
chalcopyrite-iron oxide (±galena-sphalerite) quartz-chlorite veins. Some of these veins show repeated 
sequences of quartz, chlorite, iron oxide and sulphide in crack-seal textures that cross-cut chlorite-al-
tered host rock. Py-S5 is more euhedral (~200-500 µm) and does not have the characteristic epitaxial 
overgrowths of Py-S3 (Figure 4.5h,i). Grains are dull orange in reflected light and few grains are oxi-
dised. Some exhibit oscillatory zoning out from a nucleation surface or concentric zoning (Figure 4.5h). 
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Chalcopyrite exhibits the same anhedral shape and sieve, or spongy, texture in all samples and is always 
late with respect to pyrite, precipitating within infill textures and in fractures. It commonly contains 
numerous inclusions of its surrounding matrix and either galena or magnetite, depending on which it 
grows with. However, chalcopyrite does not always occur with the same coeval mineral or in the same 
textural setting and can be split into groups associated with pyrite populations and coeval precipitation 
mineral. Chalcopyrite groups include disseminate chalcopyrite (Ccp-D; Figure 4.6a,b) which occurs 
with Py-D and massive chalcopyrite (Ccp-M1; Figure 4a,b) with magnetite/hematite and Py-M1 and 
galena in the Black Zone. Chalcopyrite (Ccp-M2; Figure 4.6c) with magnetite and Py-M2 occurs in the 
Kiangi Creek Formation stringer zone and chalcopyrite (Ccp-M3; Figure 4.4i; Figure 4.6d) with Py-
M3 is found in the Irregully Formation stringer zone. Structurally-hosted chalcopyrite (Ccp-S1; Figure 
4.6e) with magnetite cross-cuts the Red Zone and Py-S1 in carbonate-barite veins whereas chalcopyrite 
(Ccp-S2; Figure 4.6f) with galena and Py-S2 is hosted in quartz brecciation through the Red Zone. In 
the stringer zone, chalcopyrite precipitates predominantly with galena (Ccp-S3; Figure 4.6g-j) in the 
Kiangi Creek Formation, and predominantly with magnetite (Ccp-S5; Figure 4.6k,l) in the Irregully 
Formation. Chalcopyrite in polymetallic vein alteration zone (Ccp-S4), with Py-S4 in the Kiangi Creek 
Formation, is associated with hematite and barite precipitation, and is described in Chapter 2.
4.5.2 Whole rock geochemistry
Whole rock element data from AB15 and AB60A has been split into the Red Zone in AB60A, correlated 
with the Kiangi Creek Formation in AB15, the Kiangi Creek Formation stringer zone in AB60A, cor-
related with the Kiangi Creek Formation in AB15, and the Irregully Formation stringer zone in AB60A, 
correlated with the Irregully Formation in AB15 (Figure 4.2c,d). Descriptions for each sample are in 
Table 4.1. Major and trace element data can be quite varied between different samples (Table 4.3) due to 
the spatial heterogeneity of mineralisation. Therefore, samples in each zone are averaged and compared 
between cores using isocon diagrams (Figure 4.7).
Core AB60A exhibits depletion in K, Rb, Y and Nb and enrichment of Pb, Cu, S and Fe3+ throughout all 
zones (Figure 4.7). Comparison of the Red Zone sandstones in AB60A with Kiangi Creek Formation 
sandstones in AB15 show a strongly contrasting behaviour between relatively immobile (Al, Ti, Co, 
Cr), strongly enriched (Pb, Zn, Cu, Fe3+, Fe2+, Mg, Mn, Na, Ba, Sr, S, Ni, V, Ce and Sc) and strongly 
depleted elements (K, Rb, Nb, Th) in the Red Zone (Figure 4.7a). Within the Kiangi Creek Formation 
stringer zone there is a much greater spread of elements indicating strong mobility. Titanium, Sr, Mg 
and Al remain immobile while Pb, Zn, Cu, Fe3+, S, Ba, Ga, U and V are strongly enriched and Ca, Mn, 
K, Rb, Y and Th are strongly depleted (Figure 4.7b). In the Irregully Formation stringer zone, many 
elements including Zn, Ni, Al and Ti, position close the isocon line in Figure 4.7c. Lead, Cu, Fe3+, S and 
Mg are enriched and Ca, Mn, K, Rb, Ba, Y, Nb and U are all depleted. In addition, samples from the Ir-
regully Formation in AB15 exhibit high concentrations of Pb compared to some samples from AB60A, 
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Figure 4.7 Isocon diagrams showing ‘least altered’ samples of core AB15 on the x-axis and ‘most altered’ samples of core 
AB60A on the y-axis. The isocon line is indicated by the thick black line whereas percentage enrichment or depletion of AB60A 
compared to AB15 is indicates by grey lines radiating outwards from the isocon line. a) shows relative element mobility in the 
Red Zone, b) in the Kiangi Creek Formation stringer zone, and c) in the Irregully Formation stringer zone.
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indicating that the Irregully Formation hosts high concentrations of Pb as well as Zn (Table 4.3). 
4.5.3 Pyrite and chalcopyrite trace element compositions
The trace element compositions of pyrites and chalcopyrite of different textural populations are de-
termined from 17 sample depths from 254 m to 634 m in the core AB60A, which cuts through Abra 
mineralisation and vertical zonation (Figure 4.2c). Summarised minor and trace element concentrations 
in pyrite and chalcopyrite populations are presented in Table 4.4 and 4.5, respectively, and illustrated 
in Figure 4.8 and Figure 4.9; full data in Table 4.2S. Comparison of pyrite populations throughout the 
mineralised core have highlighted enrichments in different trace elements that can be recognised above 
the ‘background’ rest of the core. Enrichments in pyrite are defined as trace element concentrations in 
Pb > 10 000 ppm, Cu > 10 000 ppm, Zn > 1000 ppm, As > 1000 ppm, Co > 1000 ppm, Ni > 1000 ppm, 
Mn > 100 ppm, Bi > 100 ppm, Ti > 50 ppm, Ba > 10 ppm, Mo > 10 ppm, W > 10 ppm, Se > 10 ppm, 
Au > 1 ppm, Tl > 1 ppm. Enrichments in chalcopyrite are defined as concentrations in Pb > 10 000 ppm, 
Cu > 10 000 ppm, Zn > 1000 ppm, In > 100 ppm, As > 100 ppm, Co > 100 ppm, Ni > 100 ppm, Mn > 
100 ppm, Ti > 100 ppm, Ba > 100 ppm, W > 100 ppm, Sn > 50 ppm, Bi > 10 ppm, , Mo > 10 ppm, Se 
> 10 ppm.
4.5.4 Element correlations
Pyrite and chalcopyrite at Abra are inclusion rich. Many inclusions are clearly visible and can be avoid-
ed but the spongy texture common in both sulphides indicates that many more, smaller inclusions 
are likely to be included in analysis. While the signal from inclusions may mask the trace element 
abundances in the sulphides, they also provide key information on the composition and trace element 
associations within inclusion minerals and information about the composition of the fluid and host rock. 
Some pyrite grains have very high concentrations of Pb (>1 wt.%) and while pyrite can contain Pb in 
such high quantities (Deditius et al. 2014), the textural relationship with galena and the common ap-
pearance of macro-scale galena inclusions points to the inclusion of galena in the trace element signa-
ture. Galena contains large amounts of Ag, Sb, Tl, Bi and Se (Deditius et al. 2011; George et al. 2015). 
Previous work has detected Ag, Sb, Tl and Bi in Abra galena (Meadows et al. in review). Correlation 
between Pb, Ag, Sb, Tl and Bi suggests that galena inclusions are the primary host for the latter trace 
elements (Figure 4.1S). Despite this, pyrite analyses include some high values of Tl without correspond-
ingly high values of Pb (Figure 4.1S) pointing to lattice hosted Tl (Gadd et al. 2016). Moreover, massive 
pyrite hosts the highest concentrations of Bi (>100 ppm) but does not show a strong correlation with Pb 
suggesting that Bi in these grains is not hosted in galena inclusions.
Sphalerite commonly includes Mn, Co, Cd, Ag and Tl (Axelsson and Rodushkin 2001; Cook et al. 
2009b; Ye et al. 2011). Cd in pyrite correlates with Zn (Figure 4.1S) suggesting that high Cd is related 
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Figure 4.8 Pyrite compositions
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Figure 4.9 Chalcopyrite compositions
to sphalerite inclusions, whereas Mn and Ag only correlate with Zn in disseminated pyrite (Figure 4.1S) 
showing that they are generally not related to sphalerite inclusions.
Chalcopyrite includes much lower concentration of most trace elements compared to pyrite (Table 4.5) 
indicating that correlations between Cu, Ni, As and Au in pyrite, particularly disseminated pyrite, do 
not correspond with chalcopyrite inclusions but are more likely to represent coupled incorporation into 
pyrite. Gold correlation with other elements varies between sulphide textures. In disseminated pyrite Au 
correlates strongly with Ag, Bi, Sb and Se and less so with As and Tl (Figure 4.1S) indicating possible 
electrum and sulphosalt inclusions. In massive pyrite Au most strongly correlates with Bi, Tl and Se 
and much less so with Ag and As pointing to more likely sulphosalt inclusions. Gold in vein pyrite in 
the stringer zone correlates strongly with Ag, slightly less so with As and Sb and poorly or negatively 
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Figure 4.10 Relative timing of hematite (Hem), magnetite (Mag), galena (Gn), sphalerite (Sp), pyrite (Py) and chalcopyrite 
(Ccp) populations in vertical zones. D = disseminated, M = massive and S = structurally-hosted.
with Bi, Tl and Se (Figure 4.3S). This indicates gold in vein pyrite is more likely hosted as electrum 
inclusions. Gold does not clearly correlate with any element in chalcopyrite (Figure 4.4S).   
Magnesium correlates with Al, Mn, Cr and Ba in all pyrite and chalcopyrite (Figure 4.1S) pointing to 
the incorporation of host rock carbonate, barite and aluminium silicates in the analysis.  
4.6 Discussion
4.6.1 Stratiform replacement by pyrite and iron oxide
Pyrite textures and their textural context are used to indicate the conditions of precipitation (Large et al. 
2007; Hou et al. 2016; Kouhestani et al. 2017) and the relative timing of mineralisation (Figure 4.10). 
The Red Zone is predominantly formed of fine-grained colloform jaspilite-hematite-quartz layered 
chemical sediments and siderite (Pirajno et al. 2016). However, euhedral hematite overprints acicular 
hematite, forming within jaspilite layers (Vogt 1995). Growth of increasingly larger and more euhedral 
crystals indicates that the original chemical sediments have been recrystallised during continued ox-
idising conditions, and decreasing supersaturation with respect to hematite (Sunagawa 1999). The lack 
of massive pyrite and abundance of barite in the Red Zone points to oxidating conditions outside of 
pyrite stability (Figure 4.11a). Oxygen isotopes in the Red Zone recrystallised quartz show that fluids 
were derived from surface environment (Meadows et al. 2018) agreeing with the oxidising chemistry 
indicated by the mineralogy.
Black Zone pyrite is spatially related to banded hematite. The textures of pyrite vary but predomi-
nantly form clusters of blocky, subhedral grains intergrown with magnetite and hematite (Figure 4.4). 
The formation of blocky crystals can be explained by higher supersaturation and faster rates of crystal 
growth which is dependent on the activity of Fe2+ and HS-, the fugacity of H2S, the redox (fH2) and 
pH (aH+) (Alonso-Azcárate et al. 2001). Replacement textures, recrystallisation and higher tempera-
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tures (>170°C) in the Black Zone indicate that thermochemical reduction of sulphate at temperatures 
between ~120-180°C may have enhanced the precipitation of late-stage sulphides by the production 
of significant amounts of H2S (Machel 2001). The major element-level concentrations of Pb, Cu and 
Zn in Black Zone pyrite (Py-M1) are likely a result of co-precipitation of sulphide inclusions since the 
concentrations are too high to have been incorporated into the pyrite lattice or exsolved (Deditius et al. 
2011; Deditius et al. 2014). Despite this, the ‘chalcopyrite disease’ texture noted in Py-M1 points to a 
solid solution between FeS2 and CuS2 which has been reported by Bayliss (1989) and Deditius et al. 
(2011), which could account for high Cu values in pyrite. Furthermore, concentrations of As and Au in 
Black Zone massive pyrite are low (As max. 420 ppm) compared to most hydrothermal pyrite at Abra, 
pointing to reduction from oxidising fluids which would not carry significant Au (Figure 4.11a). Arsenic 
aids the uptake of trace elements into pyrite: Co, Ni and Zn in oxidising conditions and Ag, Au and Pb 
in reducing conditions (Detitius et al. 2008). Overall reducing conditions and a lack of As may have 
resulted in metals forming discrete inclusions rather than incorporated into pyrite (Deditius et al. 2011). 
Figure 4.11 Stability diagrams redrawn from Cooke et al. (2000) using estimated chalcopyrite boundary from (Wagner et al. 
2009). a) Fe-S-O stability field at 150°C with Au, Ba and Pb-Zn transport windows. Pyrite (py) – hematite (hem) – barite 
(brt) – siderite (sd) assemblage in the Red Zone (RZ) points to slightly acidic, moderately oxidising conditions whereas pyrite 
– magnetite (mag) – hematite – galena – sphalerite – chalcopyrite in the Black Zone (BZ) indicates slightly alkaline, reducing 
conditions. Fluids at low temperatures are likely to deposit Pb-Zn-Cu without significant Ba by reduction from A or an increase 
in pH from B. Lack of Au may suggest Black Zone sulphides are deposited by reduction rather than rise in pH since Au does not 
transport in oxidising fluid unless pH is very low. b) Fe-S-O stability field at 250°C with Au, Ba and Pb-Zn transport windows. 
Potential high-sulphidation fluid evolution from acidic, oxidising fluids at A and reduction to B to precipitate chalcopyrite and 
Au. From B, an increase in pH via host rock buffering or fluid mixing promotes precipitation of chalcopyrite-magnetite-pyrite 
veins at D involving remobilisation of Au by near-neutral fluids. C to D also tracks the fluid evolution in acidic, reduced Pb-Zn-
bearing brines precipitating upon fluid-rock interaction, fluid mixing or cooling whereas F to D indicates precipitation of Pb and 
Zn by reduction of oxidised brines. E and D represent the polymetallic carbonate vein from Meadows et al. (in review) which 
has an inner mineral assemblage of hematite-barite-chalcopyrite (E) then magnetite and outer zone of sphalerite and galena 
(D). G to D represent low-sulphidation mobilisation of Au in near-neutral, reduced fluid and precipitation within the field of 
chalcopyrite-pyrite-magnetite-Pb-Zn precipitation field.
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The Co/Ni ratio in pyrite is commonly used to differentiate between sedimentary and hydrothermal 
pyrite (Bralia et al. 1979; Gadd et al. 2016). Massive pyrite in the Black zone have Co/Ni ratios mostly 
below 2 indicating that the pyrite is sedimentary, although some high values >2 point to hydrothermal 
input (Figure 4.12). 
Chalcopyrite in the Black Zone (Ccp-M1) incorporates relatively high values of Mn, Ba, Co and As 
compared to other chalcopyrite populations. Manganese correlates with Mg indicating the inclusion of 
carbonate, which is abundant in the Black Zone. Barium is incompatible with the sulphide structure but 
is commonly incorporated as inclusions in sulphides in baritic deposits (Huston et al. 1995; Butler and 
Nesbitt 1999) relating to high occurrences of barite or other Ba-rich minerals in stratiform zones. The 
Cd/Zn ratio in chalcopyrite has been suggested by (George et al. 2017) as a proxy for temperature of 
formation. Chalcopyrite in the black zone has ratios between 0.0025 and ~0.0075 (Figure 4.13) which 
indicates low temperatures below 300°C, as indicated by (Pirajno et al. 2016).
The predominance of hematite and jaspilite in colloform textures and replacement sulphides are inter-
preted by some authors to represent an oxidising sabkha environment with localised reduction of sul-
phate to sulphide (Vogt and Stumpfl 1987; Vogt 1995). Sabkha environments have been linked to metal-
liferous deposits due to their unique position proximal to inter-tidal-lagoonal mud flats, algal mats and 
high salinities where low Eh-high pH sea water mixes with high Eh-low pH terrestrial water providing 
the means to transport metals in solution and the sulphur to form sulphides (Renfro 1974). Recrystalli-
sation of jaspilite, precipitation of magnetite and introduction of quartz and carbonate-sulphide ± quartz 
veins have also been associated with IOCG-type deposits as well as Cu-Au, Ni, Au, Fe and Mn deposits 
(Figueiredo e Silva et al. 2013). Fluids in these deposits may utilise depressions such as calderas or 
grabens, for fluid mixing (Chown et al. 2000; Mueller et al. 2009). High-K rhyolites and volcaniclastics 
are reported within the vicinity of Abra (Nelson 1995; Vogt 1995). Rasmussen et al. (2010a) and Pirajno 
Figure 4.12 Co/Ni and Au concentrations in (a) pyrite populations and (b) between disseminated, massive and structurally-
hosted pyrite.
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et al. (2016) describe volcanic sandstones in the Red Zone; however, there is a lack of direct relationship 
and correlation between ages. Sulphur isotopes also show no indication of a magmatic source of sulphur 
(Meadows et al. 2018).
4.6.2 Pervasive fluid flow and mineralisation
Pervasive fluid flow throughout Abra is evident by the replacement of interstitial sedimentary matrix by 
chlorite as well as deposition of massive and disseminated sulphide and iron oxide. Disseminated py-
rite and pyrite clusters (Py-D3; Figure 4.3e,f) are dispersed amongst the carbonaceous siltstones of the 
Irregully Formation and trace soft-sediment structures (Vogt 1995). Studies documenting the textures 
of early pyrite record small refractive euhedral pyrite, yellow anhedral pyrite that has a spongy appear-
ance, or layer parallel pyrite aggregates, similar to those at Abra, as early diagenetic pyrite (McClay and 
Ellis 1983; Foley et al. 2001; Su et al. 2012; Gadd et al. 2016). Py-D3 is enriched with Pb, As, Ti, Ba, 
Mn, Tl and Au (Table 4.4), elements that are commonly enriched in both sedimentary-diagenetic and 
hydrothermal pyrite (Agangi et al. 2013; Gadd et al. 2016; Mukherjee and Large 2017). 
Disseminated pyrite in the Irregully Formation (Py-D3) have some of the highest Co/Ni ratios (>2) and 
moderate to high Au content for Abra pyrite (Figure 4.12). High ratios indicate a hydrothermal origin 
of pyrite (Gadd et al. 2016). Gold in the pyrite correlates with Cu, Ag, Bi, Se and Sb indicating that Au 
is hosted as both electrum and sulphosalts, transported in near-neutral, reduced hydrothermal fluid and 
deposited by oxidation (Figure 4.11a) (Reed and Palandri 2006; Deditius et al. 2011). Disseminated 
Py-D2, also within the Irregully Formation, forms large crystals with euhedral porphyroblastic habit 
indicating recrystallization and free growth into fluid or soft matrix in low temperatures or low supersat-
uration (Alonso-Azcárate et al. 2001). Pyrite Py-D2 incorporates relatively high values of Ti, Ba and W 
(Table 4.4) but is otherwise trace element poor, likely due to expulsion during recrystallization (Large 
et al. 2009). Low Co/Ni ratios (Figure 4.12) may indicate that these pyrite grew during sedimentary 
diagenesis.
Figure 4.13 Cd/Zn ratios in chalcopyrite populations, used as a proxy for temperature from 
George et al. (2017)
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Pyrite Py-D1 in the Kiangi Creek Formation is much more anhedral and patchy which is usually inter-
preted as a hydrothermal texture (Large et al. 2009). The pyrite has high values of Cu, As and higher 
Au compared to other disseminated pyrite and a moderate Co/Ni ratio, around 2 (Figure 4.12) pointing 
to a mix of sedimentary and hydrothermal input. The association of Cu-As-Au is commonly linked to 
magmatic systems (Ulrich et al. 2002; Reich et al. 2013), however, no geological or isotopic relation-
ship has been found. Disseminated chalcopyrite Ccp-D incorporates high concentrations of In (up to 
606 ppm) compared to other Abra chalcopyrite grains, particularly high in the Kiangi Creek Formation 
with Cu-As-Au pyrite. Chalcopyrite with high In has been reported in reduced, Cu-rich, high tempera-
ture deposits (Huston et al. 1995; George et al. 2016) although this is usually mirrored by high Sn. The 
Cd/Zn ratios in disseminated chalcopyrite (Figure 4.13) points to a range of temperatures from below 
300°C to some far outliers indicating >400°C (George et al. 2017). High In correlates with temperatures 
>300°C (Cd/Zn >1) agreeing with a high temperature Cu-As-Au fluid.
Massive pyrite in the stringer zone precipitates in the interstitial sedimentary matrix with chlorite, 
quartz, galena and chalcopyrite, as well as sphalerite and iron oxide in the Kiangi Creek Formation. 
Py-M2 in the Kiangi Creek Formation is patchy and anhedral, and incorporates high concentrations of 
Pb, Zn, Cu, Ni, Co and As (Table 4.4; Figure 4.8). Ccp-M2 hosts high Ti, Mn and In, also similar to 
Ccp-D, pointing to similar fluid source and precipitation conditions for both styles of mineralisation. 
Enrichment in these elements may be indicative of a combination of high temperature Cu-As-Au fluid, 
identified in Py-D1, and Pb(-Zn) hydrothermal fluids responsible for the dominant galena mineralisa-
tion. The combination of these elements are also recognised in other stockwork epithermal deposits and 
massive sulphide deposits (Pačevski et al. 2012; Deditius et al. 2014; Brauhart et al. 2017). 
Pyrite Py-M3, within the Irregully Formation, is texturally different to other massive pyrite. Euhedral 
habits are preserved and the orientation of inclusion trains in Py-M3 forms a well-defined lineation 
extending across all grains (Figure 4.4i). Py-M3 incorporates the highest Au (~0.53-5.44 ppm) and Bi 
(150-3704 ppm). Gold is strongly correlated with Bi, Se and Tl but less so with Ag which may point to 
more oxidising or low pH conditions (Reed and Palandri 2006). Copper, Se and Bi are redox sensitive 
elements, are transported in oxidised fluids and incorporated into sulphides by reduction (Schaller et 
al. 1997; O’Connor et al. 2015; Algeo and Maynard 2004; Mukherjee et al. 2017). Reduction may be 
a result of mixing with reducing fluids (Figure 4.11b), such as sedimentary Pb-Zn fluid (Cooke et al. 
2000), or by host-rock buffering by a silicate-carbonate host rock (Irregully Formation) which increases 
pH (Reed and Palandri 2006). 
The Co/Ni ratios in massive pyrite are mostly below 2 (Figure 4.12) indicating a sedimentary-hydro-
thermal source. Ratios of Cd/Zn in massive chalcopyrite show an increase in temperature from the 
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Black Zone to the lower stringer zone (Figure 4.13) agreeing with calculated temperatures by Austen 
(2007) and Pirajno et al. (2016). Massive magnetite-chalcopyrite-pyrite in the lower stringer zone, with 
Au-Bi enrichment, may be formed from higher temperature sedimentary fluids. Massive sulphide min-
eralisation in the Black Zone and upper stringer zone with Pb-Zn-Cu enrichment likely formed from 
moderate to low temperature, reducing, sedimentary-hydrothermal fluids. 
4.6.3 Overprinting deformation and fluid mixing 
Veins and brecciation within the Stringer Zone and cross-cutting the stratiform zones above, host most 
of the sulphide mineralisation at Abra. Massive sulphide and iron oxide mineralisation within quartz 
brecciation, in the Red Zone, shows some unusual pyrite and magnetite textures where once euhe-
dral-subhedral grains are now completely brecciated by fluids which have precipitated galena and chal-
copyrite. Pyrite (Py-S2) is brecciated along oriented fractures in individual grains or randomly in a 
‘pulverised’ texture. The brecciation and infill by galena has resulted in major element quantities of Pb 
and correspondingly high concentrations of Sb and Co (Table 4.4; Figure 4.8). Chalcopyrite Ccp-S2 
precipitated with galena and has low concentrations of trace element resulting from the co-precipitation 
with galena and sphalerite, which have preferentially taken up many of the trace elements (George et al. 
2016). Trace element ratios indicate that brecciation involved Pb-Cu-rich, high temperature (>300°C) 
hydrothermal fluids. Carbonate and barite veins cross-cutting the Red Zone contain pyrite, chalcopy-
rite and magnetite at the vein edge. Pyrite (Py-S1) incorporates Cu-rich blebs similar to Py-M1 in the 
Black Zone and Py-M3 in the Irregully Formation, and corresponding high concentrations of Cu (up 
to 1.3 wt. %). Copper-rich fluid results in the precipitation of solid solution minerals FeS2 and CuS2, 
or exsolution of Cu into clusters (Bayliss 1989; Deditius et al. 2011). Ccp-S1 is coeval with magnetite 
and has particularly high Zn (up to ~1.1 wt. %) and low Cd, also observed in some massive sulphide 
and epithermal deposits (Huston et al. 1995; George et al. 2017). High Zn and low Cd, along with low 
Co/Ni ratios in pyrite (Figure 4.12) indicate low temperature, sedimentary carbonate-barite veins with 
Cu-Fe mineralisation.
Vein-hosted pyrite in the stringer zone is generally larger and more euhedral due to crystallisation 
into fluid-filled fractures. The strong correlation between Au and Ag in vein pyrite (Figure 4.3S) has 
been shown to indicate reducing conditions (Reed and Palandri 2006). A similar reducing environment 
throughout vein pyrite indicates a change in fluid or physico-chemical conditions from massive and 
disseminated pyrite. Vein pyrite in the Kiangi Creek Formation (Py-S3) has multiple overgrowths indi-
cating either multiple fluid events or a fluctuating fluid chemistry. Growth zones of ore stage pyrite are 
commonly porous and spongy, particularly in inner zones, interpreted as a result of resorption (Win-
derbaum et al. 2012; Deditius et al. 2014). Py-S3 has high Cu, Ni, As, Au, Pb and Zn, the same trace 
element enrichment as massive pyrite in the Kiangi Creek Formation (Py-M2). Lead-bearing zoned 
pyrite with high Cu, As and Ag is reported from high-sulphidation epithermal polymetallic deposits, 
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where an early Fe-Cu-As-S-barite stage and later Zn-Pb-Cu-Fe-S-barite stage is recognised in stock-
work and partially brecciated massive ore (Pačevski et al. 2012). Ccp-S3 with galena incorporates high 
concentrations of Ti, Mn, Ni, As, Bi and Pb (Table 4.5; Figure 4.9). The large range in values indicates 
that most of these trace elements are hosted in inclusion minerals such as host galena (Pb, Bi), or iron 
oxide (Ti, Mn). Vein-hosted pyrite Py-S5 does not have the characteristic zonation of Py-S3, but does 
have fine oscillatory zoning and more euhedral grain shapes. The textural difference is mirrored by trace 
element chemistry with high Pb, Bi, Se, Ni, Mn and lower Au concentrations indicating that the strong 
enrichment of Cu-Ni-As-Au and Pb-Zn is related to multiple growth stages, and potentially multiple 
fluids. Ccp-S5, with magnetite, incorporates high concentrations of Mn, In, Bi, Se and W mirroring the 
trace element enrichment of pyrite. Enrichment in W has been previously linked to magnetite inclu-
sions although Cave et al. (2017) demonstrating the formation of W-rich deposits, including scheelite, 
which is found at Abra (Pirajno et al. 2016), can result from the release of W from rutile during low 
grade metamorphism, negating the need for a magmatic source. Two textures of ore-stage pyrite found 
at Abra, zoned-spongy (Py-S3) and pristine (Py-S5), are also described from Cu-Au deposits where 
pyrite-chalcopyrite-magnetite veins are ubiquitous (Deditius et al. 2014). 
The polymetallic carbonate vein from Meadows et al. (In revision) contains pyrite with high Ba and Mo 
and chalcopyrite with relatively high concentrations of Ba (up to 900 ppm), Sn (up to 57 ppm) and W 
(up to 570 ppm) for Abra. Ore metals in the sulphide-oxide vein were likely transported in near neutral, 
reducing sedimentary brines and precipitated upon host rock buffering and an increase in pH (Figure 
4.11b). 
Co/Ni ratios is structurally hosted pyrite plot predominantly below 2 (Figure 4.12) indicating a sedi-
mentary source in all vein mineralisation. Vein-hosted chalcopyrite have varied Cd/Zn values (Figure 
4.13); the upper stringer zone formed from estimated temperatures between <300°C to >400°C whereas 
lower stringer zone values point to low temperatures <300°C. The combination of these trace element 
indicators suggests that the upper stringer zone, in the Kiangi Creek Formation, was affected by hotter 
Pb-Cu(-Zn) sedimentary-hydrothermal fluids whereas the lower stringer zone, in the Irregully Forma-
tion, was mineralised by cooler, Fe-Cu hydrothermal fluids during brittle deformation. 
4.6.4 The formation of vertical zonation 
Ore textures and mineralogy form vertical zones at Abra, broadly the Red, Black and Stringer Zone 
(Figure 4.14). Much of the chemical variation through AB60A can be linked to the sedimentary facies, 
highlighted by whole rock enrichment and depletion trends (Figure 4.7). The Red Zone sandstones 
are strongly enriched in Pb, Zn, Cu, Fe3+, S and Ba ore mineralisation signature, similar to the Kiangi 
Creek Formation stringer zone below, but are also enriched in Fe2+, Mg, Mn, Na, Sr, Ni, V, Ce and Sc 
(Figure 4.7a). Sodium, U and V are found in significant concentrations in sea water (Chester 1990) and 
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the low solubility of U and V in reducing conditions suggests they were transported in oxidising surface 
waters (Schaller et al. 1997; Butler and Nesbitt 1999; Algeo and Maynard 2004; Richard et al. 2013). 
These elements may have been enriched in the Red Zone during sedimentary-diagenetic processes and 
have remained relatively immobile in later reducing conditions. High Mn and Mo are also attributed 
to oxygenated water (Schaller et al. 1997) although Mo can be carried in reduced fluid (Huston et al. 
1995) indicating the Mn enrichment in both whole rock and trace elements in the Red and Black Zone 
points to local reduction from oxidising fluids. The quartz-rich Red Zone may have formed a physical 
and chemical trap under which later reducing fluids have pooled.
The spread of elements within the Kiangi Creek Formation (Figure 4.7b) indicates strong fluid mobility 
which is more likely in coarse sandstones due to higher porosity. Strong whole-rock enrichments in Pb-
Cu-Zn-Fe3+-S-Ba-Ga-U in the Kiangi Creek Formation are mirrored by Pb-Zn-Co-Cu-Ni-As-Au trace 
element enrichments in anhedral, zoned pyrite. Hot, reduced. metal-rich fluids have migrated into the 
Kiangi Creek Formation which has provided an ‘aquifer’ for fluid-mixing, promoting the precipitation 
of disseminated and massive sulphide and iron oxide within the interstitial sandstone matrix. 
The Irregully Formation shows more limited element movement. Pb, Cu and Fe3+ are enriched through-
out the core whereas Zn and Ba are enriched in the Irregully Formation in AB15 (Figure 4.7c). Fur-
thermore, there are some high values of Pb, Ni and Ga within the Irregully Formation in AB15 (Table 
4.3) indicating that the Irregully Formation is a likely source of some of the Pb, Zn, Ba, Ni and Ga in 
Abra mineralisation. Enrichment of Pb-Cu-Fe and depletion of Zn and Ba is mirrored in mineral trace 
element compositions in the zone and Cu-Fe assemblages with high Pb trace elements. 
Depletion in K, Rb is common throughout the core (Figure 4.7) and is reflected by the absence of mus-
covite and feldspar that are prominent within distal cores. Yttrium and Nb are also depleted throughout 
the core indicating that the mobility of these elements is linked to the alteration. Chlorite alteration 
is dominant throughout core AB60A, pervasively altering the sedimentary matrix and is associated 
with sulphide mineralisation. Pervasive chlorite alteration is common low to moderate temperature 
(200-350°C) and acidic fluids (Hemley and Jones 1964; Barnes 1979; Shikazono and Kawahata 1987; 
De Caritat et al. 1993). It is also associated with quartz-carbonate-Cu-Au stringer zones have been 
recognised in IOCG and porphyry deposits where quartz-sericite alteration with pyrite is recognised as 
post-ore alteration (Groves et al. 2010; Sillitoe 2010; Torresi et al. 2012). 
Whole rock and trace element compositions indicate a prominent redox and temperature related vertical 
zonation that seems to be based around change in sedimentary facies. The Red Zone is dominated by 
high oxidation, hematite and barite, whereas the Black Zone indicates strong reduction with carbonate 
facies (Figure 4.11a). The stringer zone shows an increase in temperature down depth during massive 
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and disseminated mineralisation. However, Cu-Fe vein mineralisation in the Irregully Formation re-
cords low temperatures. This could represent low temperature remobilisation of Cu-Fe in reducing 
fluids. Pyrite trace elements are similarly vertically zoned and change from Mn + Cu enrichment in the 
Red and Black Zone down to Pb-Zn in the Black Zone and Kiangi Creek Formation stringer zone, and 
Cu-Au-Bi in the Irregully Formation stringer zone. This sequence could be due to redox boundaries 
depositing Pb-Cu(-Zn) in reducing Black Zone underneath an oxidising Red Zone. The zoning also 
displays similar characteristics to VHMS deposits which precipitate minerals according to an increase 
in temperature down the volcanic pile (Robb 2005). Mineral assemblages in these deposits includes 
a lower stockwork zone with chalcopyrite, pyrite, galena, sphalerite and chlorite-sericite alteration, a 
upper horizon of bedded carbonate-sulphide lens and exhalative silica, pyrite and hematite (Large 1992; 
Hawke et al. 2015). 
4.6.5 Genesis and classification of Abra Pb-Cu-Ba-Zn-Ag-Au deposit
Abra is a clastic sediment-hosted deposit formed within an intracratonic sedimentary basin (Vogt and 
Stumpfl 1987; Vogt 1995; Martin and Thorne 2004). The economic ore elements at Abra are mainly 
Pb-Ag and some Cu-Au, yet little Zn. The transport of Pb and Zn are commonly linked because of 
their similar behaviour in common sedimentary-hosted ore fluids (Cooke et al. 2000; Leach et al. 2005; 
Leach et al. 2010). Oxidised brines (SO4
2-) associated with carbonates, evaporates and hematitic sed-
iments, deposit large quantities of Pb, Zn and Ag by sulphate reduction, but not Ba and Au. Reduced 
connate brines (H2S), sourced from reduced siliciclastic and shale basins, carry Au, Sn and Ba as well as 
Pb, Zn and Ag. The latter of the two deposit-types is deposited via decreasing temperature, fluid mixing, 
addition of H2S, or by an increase in pH due to fluid-rock interaction (Cooke et al. 2000) all of which are 
likely processes at Abra. Reduced brine deposits include characteristic feeder systems and barite lenses 
(Cooke et al. 2000), both found at Abra. The change in mineral assemblages, chemistry and styles of 
mineralisation indicate potentially several ore-fluids involved at Abra. 
Copper-Au(-Bi) assemblages such as those seen in the Irregully Formation stringer zone are more com-
monly related to porphyry-epithermal, IOCG (Iron Oxide Copper-Gold) and IPB (Iberian Pyrite Belt) 
deposits (Hedenquist and Lowenstern 1994; Almodóvar et al. 1997; Sillitoe 1997; Sillitoe 2003; Groves 
et al. 2010; Sillitoe 2010; Torresi et al. 2012; Richards and Mumin 2013). However, a magmatic S-iso-
topes signature at Abra is absent (Austen 2007; Pirajno et al. 2016; Meadows et al. 2018) and trace 
elements indicate a predominant sedimentary source. IOCG deposits are characterised by near-neutral 
to mildly acidic, oxidised, S-poor, low temperature fluids producing hematite-chlorite-sericite-carbon-
ate alteration with Au-Cu-Bi enrichment. Remobilisation of Cu-Au is possible in low-sulphidation, 
near-neutral, reduced fluids involved in meteoric fluid mixings and carbonate replacement producing 
Cu, Pb-Zn-Ag-(Au) and Au-(As-Sb) precipitation in stockwork and veins (White and Hedenquist 1995; 
Sillitoe 2010). Meadows et al. (In review) proposed a fluid of similar chemistry producing base metal 
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sulphides at Abra. It is possible that Cu-Au mineralisation is sourced from the basement magmatic 
rocks and has been transported along the extensional E-W faulting. Basement rocks are also a possible 
source of Pb as suggested by Vogt (1995). A similar model of detachment fault Cu-Au mineralisation 
is described in Zappettini et al. (2017). Richards (2009) proposed a setting in which earlier arc-related 
calc-alkaline magmatism is metasomatised during post-collisional extension, remobilising Cu and Au 
in sulphur-poor fluids.  
4.7 Conclusion
Abra is the product of multiple pulses of hydrothermal fluid and an evolving tectonic and sedimenta-
tion. Vertical zonation at Abra is most likely a combined result of vertical changes in lithology, redox 
boundaries and temperature. 
•	 The Red Zone formed from an oxidising environment enriched in Mn, V, Na and U. Pyrite with 
carbonate-barite-magnetite, overprinting hematite and barite in the Red Zone, is similarly en-
riched in Mn, precipitated from low temperature, sedimentary fluids whereas quartz brecciated 
and Pb-Cu mineralisation in the zone is formed from high temperature hydrothermal fluids. 
•	 The Black Zone is reducing, sulphide-rich stratiform layer, produced by low temperature, sed-
imentary-hydrothermal replacement processes, trapped under the Red Zone. Black Zone pyrite 
grains are Cu-rich but As-poor, also with wt.% concentrations of Pb and Zn as inclusions. 
•	 The Kiangi Creek Formation sandstones have provided an aquifer for fluid migration and mix-
ing. Kiangi Creek pyrites contain high Pb-Zn-Cu-As-Ni-Co-Ag-Au and precipitate in moder-
ate to high temperature, reducing galena-chalcopyrite-pyrite assemblages. 
•	 The Irregully Formation is a host for Pb-Zn-Ba which may be a source of ore elements at 
the deposit. Chalcopyrite-magnetite-pyrite and Au-Bi mineralisation may have been mobilised 
from an older magmatic source such as basement rocks. Trace elements indicate higher tem-
perature, oxidising, sedimentary sourced massive Cu-Au-Bi mineralisation, reducing, hydro-
thermal trace element enriched disseminated pyrite and low temperature, reducing, sedimenta-
ry-hydrothermal vein mineralisation.
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Trace element reconnaissance of sulphide and non-sulphide assemblages in a fault-hosted Zn-
Pb-Cu sulphide deposit
Abstract
Sulphide and iron oxide trace elements are widely used to fingerprint deposit types, indicate fluid 
sources, metasomatic processes and physico-chemical conditions of ore precipitation. The secondary 
alteration minerals that form from ore-related fluids can also be used in a similar manner, yet their 
use in mineral exploration has not been explored to its full potential. The Prairie Downs fault zone 
in the Capricorn Orogen, Western Australia, exhibits Zn-chlorite, V-rich iron oxide and sulphide 
mineralisation, deposited over multiple stages of host rock alteration, ductile and brittle deformation. 
Mineral assemblages along the fault point to a slightly acidic, reducing fluids in at Prairie Main Load 
and more acidic, oxidising fluids at Wolf Prospect. Early dark sphalerite at Prairie Main Load enriched 
in Ag, Sn and Cu, coexists with Pb-Ag-rich chalcopyrite, Sb-Cu-Ag-rich galena and Cu-Zn-Ag-Sn-
Sb-Au-Pb pyrite. They precipitated from higher temperature (250-267°C) likely magmatic fluids. 
Selenium-rich pale sphalerite at Wolf Prospect, with Se-rich galena and bornite, altered to chalcocite, 
precipitated at lower temperatures (~ 226°C) from increasing oxidised and sulphur-rich fluids. Fluids 
are likely sourced from mixing of volcanogenic, mafic intrusions and sea water. The composition of 
host-rock chlorite reflects the composition of precursor mineral, retaining immobile elements (Ti, Zr, Y) 
or the ore-forming fluids (Zn, Mn, V). However, vein chlorite and carbonate at each deposit reflect the 
ore-forming fluid; Li-Sb-As-S-Rb at Prairie Main Load and Zn-V-Mn at Wolf Prospect and BIF rocks. 
This study suggests that the trace element enrichments reflect both the source of metals and the physico-
chemical environment; Prairie Main Load is associated with felsic-sedimentary host rocks and fluids 
whereas Wolf Prospect and BIF rock and empirically linked to more mafic volcanics and intrusions, and 
mixing with seawater. The situation of the deposit, along a fault oblique to the dominant fault system 
with sedimentary and hydrothermal brecciation, points to a potential fault jog or relay creating a sink 
for mineralising fluids.
5.1 Introduction
Identification of ore mineralisation chemistry above the barren background has long been an area of 
interest to the mineral industry. Mineralisation is often coeval or postdates metasomatism of the host 
rocks (Hedenquist and Lowenstern 1994; Cail and Cline 2001; Beaudoin et al. 2014) and it can be 
difficult to distinguish metasomatic events from ore enrichment events in whole rock methods (Warren 
et al. 2007).  Furthermore, secondary alteration minerals are a valuable repository for the chemical 
components of ore fluid, if alteration is coeval with mineralisation (Simmons et al. 2005; Choulet et 
al. 2014; Debret et al. 2016). Although there have been numerous studies on the compositions of ore 
minerals (Huston et al. 1995; Cook et al. 2009b; Ye et al. 2011; George et al. 2016; Kouhestani et al. 
2017; Mukherjee and Large 2017; Reich et al. 2017), there is currently little information on how the 
chemistry of common silicate and carbonate minerals that form from ore fluid (van Hinsberg et al. 
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2010). However, such information would potentially provide a new exploration tool that can be utilised 
in the absence of ore minerals distal to deposits or when ore metals are hosted in silicates or carbonates 
(Warren et al. 2015; Wilkinson et al. 2015).
The Prairie Downs area, south of Newman in Western Australia, is host to Zn-Cu-Pb sulphide 
mineralisation associated with the Prairie Downs Fault, volcanogenic rocks, mafic intrusions. The 
deposit was discovered in prior to 2009 by Prairie Downs Metals and is now owned by Marindi Metals. 
The deposit contains 3 million tonnes at 5% zinc, 1.6% Lead and 18g/t silver (Metals 2018) however, 
little detailed study of the deposit has been published.. Deformation, metamorphism and metasomatism 
has produced chlorite and sericite alteration assemblages in the host rocks. In one area of the fault, the 
surrounding chlorite host rock is also Zn-rich. Multiple episodes of brittle deformation has formed 
quartz and carbonate veins as well as Zn-Cu-Pb sulphides and V-hematite mineralisation. Compositions 
of secondary chlorite and carbonate in host rock and in veins are compared to the composition of 
sulphide and oxide ore mineral. The physico-chemical conditions in each deposit will be evaluated 
in terms of ore genesis and suggestion will be made into the use of secondary alteration minerals in 
mineral exploration. 
5.1.1 The applications of mineral composition
Mineral composition is determined by intrinsic crystal properties, the composition of the precipitating 
fluid and the physico-chemical conditions (Reed and Palandri 2006; Williams-Jones and Migdisov 
2014; Tutolo et al. 2015; George et al. 2016). The trace element composition of sulphides and iron 
oxides have been reported by numerous authors (Huston et al. 1995; Cook et al. 2009b; Ye et al. 
2011; Winderbaum et al. 2012; Lockington et al. 2014; Nadoll et al. 2014; Zhang et al. 2014; George 
et al. 2015; George et al. 2016) and explored in terms of the fluid chemistry they represent including 
temperature, composition, redox, pH and fugacity. The composition of pyrite in particular has been 
widely applied as a pathfinder mineral due to a diverse spectrum of trace elements (e.g. Co, Ni, Mn, As, 
Cu, Zn, Se, Sb, Te, Pb, Bi) and the wide occurrence of pyrite proximal and distal to ore deposits (Hawley 
and Nichol 1961; Bralia et al. 1979; Huston et al. 1995; Large et al. 2007; Agangi et al. 2013; Reich 
et al. 2013; Deditius et al. 2014; Large et al. 2014; Gregory et al. 2015; Mukherjee and Large 2016; 
Kouhestani et al. 2017). Iron oxides, mostly magnetite and hematite, have also been successfully used 
to distinguish between deposit types (Dupuis and Beaudoin 2011; Nadoll et al. 2014). More recently, 
trace elements in sphalerite, galena and chalcopyrite have been explored in terms of fluid chemistry, 
thermometry and ore genesis (Palero-Fernández and Martín-Izard 2005; Ye et al. 2011; Choulet et al. 
2014; Keith et al. 2014; Lockington et al. 2014; Wen et al. 2016). 
The compositions of silicates and carbonates are also affected by physico-chemical conditions and 
intrinsic crystal properties (Bau 1991; Bau and Möller 1992; Bau 1996; Hecht et al. 1999; Hitzman et 
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al. 2003; Rolland et al. 2003; Rusk et al. 2008; Choulet et al. 2014; Warren et al. 2015; Wilkinson et al. 
2015). Chlorite and carbonate minerals are ubiquitous in ore deposits (Hemley and Jones 1964; Barnes 
1979; Zane et al. 1998). Chlorites are hydrous minerals and range in their major element composition, 
including clinochlore ([Mg,Fe2+]5Al[Si3Al]O10(OH)8), chamosite ([Fe
2+,Mg,Fe3+]5Al[Si3Al]O10[OH,O)8) 
and baileychlore ([Zn,Al,[]3[Fe
2+
2Al[Si3AlO10](OH)8). In metamorphic and hydrothermally altered 
rock, alteration to chlorite is associated with low to moderate temperature and pressure conditions 
and is a defining mineral in greenschist facies metamorphism (Dodge 1973; Zane et al. 1998; White 
et al. 2014b). Propyllitic or chloritic metasomatism is also common during hydration of the host rock, 
cation exchange and hydrolosis at low temperatures, 200-350°C (Hemley and Jones 1964; Barnes 
1979; Shikazono and Kawahata 1987; De Caritat et al. 1993; Robb 2005). Chlorite incorporates a host 
of different trace elements into their structure including alkali metal Li, Ca, Na, K, transition metals 
Mg, Mn, Ni, Ti and rare earth elements (Dodge 1973; De Caritat et al. 1993). Chlorite commonly 
replaces biotite, pyroxene, amphibole, garnet and other aluminium silicates in igneous or metamorphic 
assemblages, and carbonates and mica in sedimentary assemblages. It may retain many of the trace 
elements contained within the primary minerals (such as ore metals Zn, Mo, Sn, W) (Hedenquist and 
Lowenstern 1994) as long as they are compatible in chlorite (Brewer and Atkin 1989). 
Carbonate minerals also range in their major element composition including calcite (CaCO3), dolomite 
(CaMg(CO3)2), siderite (Fe
2+CO3) and ankerite (Ca[Fe
2+,Mg,Mn](CO3)2). Calcite precipitation is strongly 
dependant on wall-rock buffering, but can also be precipitated during H+ metasomatism (Barnes 1979). 
In metamorphic and hydrothermally altered rock carbonitisation occurs under conditions of high pCO2, 
increased alkalinity, increased temperature and increased CO3
2- concentration (Barnes 1979; Kelemen 
and Hirth 2012). Decarbonation reactions cause calcium-aluminium silicate (e.g. prehnite, epidote) 
to react with CO2 in the fluid and produce calcite and aluminium silicates at low activities of CO2 
(Barnes 1979; Elders et al. 1979). Common trace elements in carbonates include alkali metals Na, Sr, 
Ba transition metals Mn, Mn, Fe, Zn, as well as REE, Y, Th and U, and other metals such as Sn and In 
(Ohde et al. 1978). Rare earth elements (REE) in carbonates have been studied extensively and can be 
used to inform the composition, the temperature, pH and redox conditions of a fluid (Bau 1991; Bau and 
Möller 1992; Bau 1996; Hecht et al. 1999; Uysal et al. 2007). 
5.2 Geological setting
5.2.1 The Capricorn Orogen
The Capricorn Orogen is situated between the Archean Pilbara and Yilgarn Cratons that, together, form 
the Western Australian Craton (Figure 5.1). The orogen comprises of the of the Gascoyne Province 
in the west, which is made up of the gneissic basement Glenburgh Terrane, meta-sedimentary, meta-
igneous rocks of varying grades, juxtaposed by lithospheric scale E-W to NW-SE faults (Sheppard et 
al. 2010a; Johnson et al. 2011a; Johnson et al. 2013). It is overlain by sedimentary basins to the north 
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and east (Martin and Thorne 2004). The Capricorn Orogen records a long tectonic history beginning the 
formation of the West Australian Craton from the 2215 – 2145 Ma Ophthalmian Orogeny (Johnson et 
al. 2011a) to the 2005 – 1950 Ma Glenburgh Orogeny (Johnson et al. 2010)((Cawood and Tyler 2004). 
Following amalgamation, the intracratonic 1820-1770 Ma Capricorn Orogeny (Sheppard et al. 2010a) 
deformed and reactivated fault systems, after which several other orogenies and thermo-tectonic events 
deformed and metamorphosed the orogen between 1680 Ma and c. 570 Ma (Sheppard et al. 2005; 
Sheppard et al. 2007; Sheppard et al. 2010b; Johnson et al. 2011b; Korhonen et al. 2015; Thorne et al. 
2016).
Prairie Downs is situated in the north-east of the Capricorn Orogen, near to the Sylvania Inlier (Figure 
5.1). Ore mineralisation is situation along the Prairie Downs Fault separating footwall Fortescue Group 
volcanics from the Bresnahan and Edmund sediments to the south-west (Figure 5.1). Three mineralisation 
occurrences are identified including the Prairie Downs Main Load to the south-east, Wolf Prospect to 
the north-west, and a distal signature in banded iron formation (BIF) at depth (Figure 5.1). The NW-SE 
striking Prairie Downs Fault dips steeply to the south around the Wolf Prospect and steeply to the north 
Figure 5.1: Geological map of the Prairie Downs area, created using Tyler (1986), Tyler (1991) and GSWA’s GeoVIEW GIS 
database, showing lithological units, main structures and drill core locations with arrows pointing down hole. Inset is a map 
of Western Australia showing the location of Prairie Downs, Yilgarn and Pilbara Cratons, Capricorn Orogen, and the regional 
extent of the Hamersley, Fortescue rocks and the Silvania Inlier.
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around the Prairie Main Load, and a south-block down sense of movement has been suggested (Tyler 
et al. 1991). The two ore deposits along the fault, Prairie Main Load and Wolf Prospect, both contain 
sulphide mineralisation hosted in quartz veins and predominantly quartz-cemented breccias that post-
date earlier ductile deformation. Zinc is the main resource with lesser quantities of Pb and Cu. 
5.2.2 Fortescue Group
The 2775 – 2630 Ma Fortescue Group (Thorne and Trendall 2001) is a sequence of mafic to felsic 
volcanics, and associated sedimentary rocks, that overlie the granite-greenstone rocks of the Pilbara 
Craton. The group includes four main tectono-stratigraphic units (Figure 5.2) that were deposited in 
marine to continental shelf environments (Thorne and Trendall 2001). These include subaerial and 
subaqueous basaltic andesite volcanics, mafic to felsic volcaniclastics, komatiite lavas and mafic sills 
and dykes. The Fortescue Group is interpreted to have formed in an extensional tectonic setting involving 
the formation of isolated, fault-bounded sub-basins followed by regional subsidence, normal faulting 
and tilting in the south which began a change from dominantly subaerial to subaqueous deposition 
(Thorne and Trendall 2001). 
At Prairie Downs the most prominent units are the Hardley Formation, the Pyradie Formation and the 
Bunjinah Formation (Figure 5.1). The Hardley Formation consists of a lower metasedimentary unit 
with deltaic facies argillite and sandstones intruded by mafic sills, a lower mafic unit containing mafic 
tuff, tuffacous sandstones, basalts and mafic sills, and a felsic pyroclastic unit made up of felsic tuff 
and argillite (Tyler et al. 1991; Thorne and Trendall 2001). Available evidence suggests the area around 
the Sylvania Inlier was part of a basement high around the time of the Hardley Formation with nearby 
normal faulting, although a lack of exposure means interpretations must be inferred using other areas 
to the north (Thorne and Trendall 2001). The Pyradie Formation is a sequence of ultramafic pyroxene 
spinifex-textured basalts overlaying a submarine komatiite flow that was deposited at the same time as 
easterly to south easterly trending south-block-down growth faulting (Thorne and Trendall 2001). The 
Bunjinah Formation is an upper mafic volcanic unit consisting of predominantly subaqueous basalt 
flows, pillow lava and fine- to coarse- grained volcaniclastic rocks (Tyler et al. 1991; Thorne and 
Trendall 2001). 
The Fortescue Group has undergone low-grade regional metamorphism during the Ophthalmian 
Orogeny. The prehnite-pumpellyite to greenschist facies are consistent with burial depths of 2-10 km, 
temperatures of 260-280°C, and pressures between 2.5 and 3 kbar (Smith et al. 1982; White et al. 
2014b). Mafic mineral assemblages in the least altered rocks include plagioclase, augite pyroxene, 
actinolite, K-feldspar, titanite and quartz with some alteration to chlorite, pumpellyite and epidote 
(White et al. 2014b). Metamorphic assemblages are overprinted by metasomatic minerals prehnite, and 
then quartz, pumpellyite and chlorite with increasing levels of fluid alteration (White et al. 2014a; White 
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et al. 2014b). Prehnite alteration is associated with an increase in bulk Ca-content whereas quartz-
pumpellyite-(chlorite) alteration corresponds to leaching of Na, K, Mg and Fe from the rock (White 
et al. 2014a; White et al. 2014b). Current interpretations comparing geological context to mineral 
assemblages suggest that metasomatism is related to hydrothermal circulation of seawater forming a 
saline, Ca-rich fluid that can leach the rocks of Na, K, Mg and Fe (White et al. 2014a).
5.2.3 Bresnahan and Edmund Basins
Two sedimentary basins are present on the south-west side of the Prairie Downs Fault (Figure 5.1); 
the 1800 – 1465 Ma Bresnahan Group (Johnson et al. 2011c) outcrops to the south, overlain by the 
1620-1465 Ma Edmund Group (Martin and Thorne 2002, 2004). The Bresnahan Group comprises of 
alluvial-fan cobble conglomerates and sandstones with a distinctive purple, micaceous granular matrix, 
deposited in an extensional basin (Tyler et al. 1991). Dominant clast types include sandstone, chert, 
quartz, dolomite, mudstone and jaspilite, derived from the Gascoyne Complex to the west (Tyler et 
al. 1991; Cutten et al. 2016). The Edmund Group consists of fluvial to shallow marine conglomerates, 
sandstones, siltstones and dolostones (Martin and Thorne 2004). The Edmund sediments overlaying the 
Bresnahan Group in the Prairie Downs area have seen assigned to the Prairie Downs Formation which 
is not found elsewhere in the Edmund Basin (Tyler et al. 1991). The formation consists of boulder 
and cobble conglomerate interbedded with coarse-grained sandstone and wacke atop a massive basal 
conglomerate debris flow. Dominant clasts are jaspilite, banded chert, banded iron-formation as well as 
acidic volcanics, vein quartz and hematite iron ore (Tyler et al. 1991). Clast are interpreted to be sourced 
from the Hamersley Basin (Tyler et al. 1991) but could potentially be partly derived from the Fortescue 
Group. Since the deposition of the Prairie Downs Formation, the sediments have been intruded by 
dolerite sills, most notably adjacent to the Prairie Downs Fault, followed by E-SE folding (Figure 
5.1).  It has been proposed that the formation was generated by basin-margin faulting, potentially at the 
Prairie Downs fault, although (Tyler et al. 1991) also notes that some fold axes are truncated by the fault 
suggesting some movement was post-depositional.
5.3 Methods
5.3.1 Integrated Mineral Analysis of thin sections
Atomic Number Contrast imaging, phase maps and semi-quantitative mineral compositions were 
acquired using the TESCAN Integrated Mineral Analyser (TIMA) in the John De Laeter Centre, Curtin 
University, WA. The TIMA uses a combination of four silicon drift EDX (Energy Dispersive X-ray) 
detectors and a YAG scintillator BSE detector, which rapidly measures x-ray information from the 
samples and assign phases to separate grains using the z-contrast of the BSE image. A variety of analysis 
types and acquisition modes can be performed but for the highest quality maps and mineral chemistry 
data, ‘Liberation Analysis’ with ‘High resolution mapping mode’ was used. 
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Thin section samples were 1µm diamond-polished and coated with a thin layer of carbon (~5-8 nm) 
prior to being loaded into the TIMA. The beam energy was set at 25 KeV, the spot size at around 50 
nm with a working distance of 15 mm. A total of twenty seven thin section maps were produced with 
a 20 µm pixel size, and took between 50 and 70 minutes each to complete. After collection, data was 
analysed to produce the best matches between collected and mineral spectra within the TESCAN in-
house database, and compared to spectra from online databases including webmineral.com and Mindat.
com using the ‘Matching’ function. Semi-quantitative major-element abundances of the thin section 
samples were also calculated in the TIMA software. TIMA maps of all samples are presented in Figure 
5.1S.
5.3.2 In situ trace element compositions
Trace element compositions of chlorite, carbonate, sulphide and iron oxide were collected in situ, on 
the same thin sections used in TIMA analysis, using LA ICP MS (Laser-Ablation Inductively-Coupled-
Plasma Mass-Spectrometry). Carbon coating were removed ahead of LA-ICPMS analysis. 
Eighteen thin sections containing Mg-, Fe-, or Zn-chlorite, ankerite, calcite and hematite were analysed 
over three runs using Agilent 7700x quadrupole ICPMS in the Geohistory Facility in the John de 
Laeter Centre, Curtin University. Standards analysed include glasses NIST612, NIST614, BVHO2G, 
GSD-1G and pressed pellet, carbonate standard MACS. Standards were measured after every twenty 
unknowns to check for instrument drift during the analysis. Each run used an ablation time of 35 s, a 
pulse frequency of 5 Hz, a beam fluence of 1.25 Jcm-2, and ablated a spot size of 75 µm. A large suite 
of elements were analysed for including Li7, B11, Na23, Mg24, Al27, Si28, Si29, P31, S34, K39, Ca43, Ca44, 
Ti47, Ti49, V51, Cr52, Mn55, Fe56, Fe57, Co59, Ni60, Cu63, Zn66, Ga71, Ge72, As75, Rb85, Sr88, Y89, Zr90, Mo95, 
Ag107, Cd111, In115, Sn118, Sb121, Ba137, La139 – Lu175, Ta181, W182, Au197, Tl205, Pb208, Bi209, Th232, U238. Data 
were reduced using the Iolite Software in Igor Pro. Baseline counts were removed before applying 
the Trace Elements DRS (Data Reduction Scheme) to calculate trace element quantities in ppm (parts 
per million). Chlorite was reduced using an internal standard element Si29 and NIST612 as a primary 
standard. Silicon contents of 13.5 wt.% and 12.5 wt.% were used to reduce the chlorite trace element 
data in Mg- and Fe-/Zn-chlorites respectively. Ankerite and calcite were reduced using internal standard 
element Ca43 and NIST612 as a primary standard. Calcium content of 21 wt.% Ca was used for ankerite 
data and 40 wt.% Ca for calcite. Hematite was reduced using internal standard element Fe57, primary 
standard GSD-1G and an Fe content of 70 wt.%. Analyses below the limit of detection (LOD) are 
omitted (Table 5.1S) and elements that have a majority of analyses below detection limit (Ta, Au, Tl, 
Th, Bi) are not counted in results and interpretations. Rare earth element data (REE) are normalised to 
chondrite (Taylor and McLennan 1985).
A further twelve thin sections with sphalerite, galena, chalcopyrite and chalcocite were analysed at 
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CODES Analytical Facility at the University of Tasmania, using an ASI Resolution 193 nm excimer 
laser ablation system coupled with an Agilent 7700s ICP-MS detector system. Standards analysed 
include glasses STDGL2b2 for chalcophile elements and GSD-1G for all other elements. Analyses 
below the LOD are reported by > symbol (Table 5.2S) and average analytical precision for each element 
measured are presented in Table 5.2S. Standards were measured after every hour to check for instrument 
drift during the analysis period. Each run used an ablation time of ~80 s, a pulse frequency of 5 Hz, 
a beam fluence of 2.7 Jcm-2, and ablated a spot size of 29 µm. A suite of elements were analysed for 
including Fe57, Co59, Ni60, Cu65, Zn66, As75, Se77, Ag107, Cd111, Sn118, Sb121, Te125, W182, Au197, Tl205, Pb208, 
Bi209. Data were reduced using an internal standard element Fe57 for pyrite and chalcopyrite, Cu65 for 
chalcocite, Zn66 for sphalerite and Pb208 for galena. Stoichiometric values of internal standard elements 
for each mineral were assumed. 
5.4 Results
5.4.1 Local deformation along the Prairie Downs Fault
Brittle deformation along the north-west to south-east Prairie Downs Fault has formed ~meter-width 
quartz veins, large zones of brecciation and areas of cataclasite and gouge (Figure 5.3a). At Prairie Main 
Load the brittle zone is relatively narrow (Figure 5.4a) and the predominant brittle structures are quartz 
Figure 5.3: Field images from costeans cross-cutting the Prai-
rie Fault Zone of a) fault gouge and b) pillow lavas.
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brecciated quartz veins, quartz-matrix supported breccia with volcanic clasts. Host rocks are fractured 
with veins composed of quartz and carbonate. A few zones of cataclasite (Figure 5.5f) are also present. 
At Wolf Prospect the brittle zone is much wider and consists of predominantly quartz brecciated areas 
that range from matrix to clast supported, all with volcanic clasts. The fault cross-cuts the Fortescue 
Group and the breccia to the south-west of the fault (Figure 5.3b). 
At depths of ~100-150 m in the core, there are cataclasite and sections of extremely friable or crumbling 
host rock. Areas where material is absent are interpreted to represent the main fault zone at Wolf 
Prospect (Figure 5.3). In distal BIF, brittle deformation creates fractures and veins, some of which are 
offset with footwall up movement (Figure 5.6d,e). Multiple brecciation events (Figure 5.6a,c) overprint 
early ductile deformation along the fault (Figure 5.4a,b) indicating a change in deformation style. In 
addition, several costeans across the fault expose meter-scale zones of NW-SE orientated gouge cross-
cutting breccia, pillow lavas and volcanic rocks (Figure 5.3). Sulphide mineralisation is hosted in brittle 
structures in an area where the orientation of the fault is oblique to the regional, more E-W fault strikes. 
The zone of mineralisation could be the result of fluid flow into a fault jog or relay. The unique Edmund 
sediments of the Prairie Downs Formation could similarly be the result of accommodation due to this 
type of fault-style. 
5.4.2 Thin section petrography
Six diamond drill cores transect the Prairie Downs Fault system and mineralisation (Figure 5.1; Figure 
5.4). Cores PDD322, PDD111 and PDD204 cross-cut mineralisation at Prairie Main Load, cores 
PDD405 and PDD410 cross-cut Wolf Prospect, and core PDD216 cross cuts banded iron formation 
distal to the fault (Figure 5.1). Drill core through the Fortescue Group along the fault reveals quartz-
chlorite-sericite schists with a strong foliation that contain S-C fabrics, folding, and sericite-altered 
igneous rocks. Both are cross-cut by quartz, carbonate and chlorite veins and brecciation. Silicic matrix 
cementing the brecciated blocks is mineralised with sulphides and hematite. 
Chlorite-dominated schists are found predominantly at Prairie Main Load. Rock samples are pale 
green and thin sections consists of S1 oriented sheets of Mg-chlorite and quartz with minor muscovite, 
pyrite, epidote, pumpellyite, actinolite, Fe-chlorite and accessory minerals including rutile (Figure 
5.5g,h; Figure 5.7a,b,c,f). Quartz forms coarse to microcrystalline aggregates of elongate and undulose 
clasts, commonly exhibiting sub-grain formation and dynamic recrystallization (Handy 1989) forming 
mylonitic fabrics (S1) (Figure 5.5h). In some samples ankerite and small (<50 µm) equant grains of 
pyrite also form within the quartz-chlorite fabric but most carbonate (ankerite and calcite) can be found 
infilling overprinting brittle fractures (Figure 5.6b). At Wolf Prospect, chlorite-rich rocks consist of Fe 
and Zn-chlorites (Figure 5.7f).
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quartz volcanics and sediments in PDD204 at 219 m; e) plane polarised light image carbonacous sediments with layer parallel 
pyrite (py) cross-cut by quartz (qz) brecciation in muscovite-quartz volcanics and sediments in PDD204 at 209.4 m; f) plane 
polarised light image cataclasite in PDD405 at 121.4 m; g) cross polarised light image muscovite-quartz schist in muscovite-
quartz volcanics and sediments in PDD111 at 200.6 m where qz – quartz, msc – muscovite, ank – ankerite, and ch – Fe-chlorite; 
h) cross polarised light image banded chlorite schist in PDD322 at 291 m where qz – quartz, ca – calcite and cl – Mg-chlorite; 
i) plane polarised light image ophitic texture in mafic dolerite in PDD204 at 193.2 m; j) cross polarised light image porphyritic 
volcanics with skeletal albite (ab) phenocrysts in PDD410 at 48.7 m; k) cross polarised light image vein cross-cutting porphyritic 
volcanics with comb texture albite (ab) surrounding epidote (Ep) and siderite (sd) in PDD410 at 48.7 m.
Figure 5.5 Sample images of the host 
rocks at Prairie Downs: a) Red Mud 
Breccia including pillow lavas in PDD405 
at 23-91.6 m; b) Banded Iron Formation 
with bedding parallel pyrite in PDD216 
at 537.8-542.5 m; c) cheritfied mafic 
volcanics in PDD410 at 199.7-204.35 m; 
d) plane polarised light image deformed 
volcanic tuff/sediments in muscovite-
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Figure 5.6 Sample images of the ore zones at Prairie Downs; a) brecciated dirty quartz (qz1) by white  quartz (qz2) along with 
galena (gn) and sphalerite (sp) mineralisation in PDD410 at 250.5-256 m; b) reflected light image of pyrite (py) following ductile 
fabric in PDD322 at 269.9 m; c) reflected light image of three brittle vein events (v) beginning with barren quartz (v1), intruded 
by thin quartz veins with pyrite (py) and sphalerite (sp) (v2), cross-cut by thick quartz vein with sphalerite (v3) in PDD204 at 
203.5 m; d) plane polarised light image of Banded Iron Formation with alternating dark FeO (iron oxide) rich layers and paler 
actinolite (act) and bannisterite (bann) layers. The classification of bannisterite by TIMA analysis is unverified but represents a 
mineral(s) with K, Na, Ca, Mg, Al, Zn, Mn, Fe and Si. Calcite and pyrite veins cross-cut the host rock in PDD216 at 540.1 m; e) 
reflected light image of PDD216 at 540.1 m highlighting the distribution and textures of vein pyrite (py); f) reflected light image 
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Muscovite-dominated rocks consist of muscovite-chlorite-ankerite-quartz schists and are found adjacent 
to chlorite-schists around Prairie Main Load (Figure 5.5g; Figure 5.7c). Muscovite and chlorite have 
a preferred orientation with the basal plane parallel to the macroscopic foliation (S1) and quartz shows 
a similar grain-size reduced mylonitic fabric to chlorite-schists (Figure 5.5g; Figure 5.7c). Very fine-
grained chloritic-cherts, volcaniclastics and tuffacous sediments (Figure 5.5c; Figure 5.5d; Figure 5.5e) 
are foliated, folded and cross-cut by veins and brecciation. Pyrite form along sedimentary layers in these 
rocks at Prairie Main Load (Figure 5.5e) and are cross-cut by quartz veins. 
Less-altered coarse-grained and fine-grained meta-igneous rocks are found at Prairie Main Load and 
Wolf Prospect and are equigranular, dark to pale grey in hand sample and lack orientation or deformation 
structures (Figure 5.5i). Minerals include biotite, albite, chlorite, amphibole, muscovite, orthoclase, 
quartz and pumpellyite.
Quartz veins at Prairie Main Load host sphalerite-galena-chalcopyrite mineralisation. Sphalerite is dark 
brown, large, often cm-scale crystals, with smaller anhedral galena, chalcopyrite and pyrite (Figure 
5.6g,h; Figure 5.7j). The main Zn-mineralisation stage involves light yellow-brown sphalerite (Figure 
5.6i) within zones of massive brecciation sometimes fractured by carbonate fluids (Figure 5.7i). Pyrite 
and dark brown sphalerite-galena-chalcopyrite-pyrite precipitate in an earlier event than the main 
sphalerite mineralisation (Figure 5.6b,c; Figure 5.7d). 
At Wolf Prospect, Zn-rich chlorite and Zn-rich biotite dominate the host rock (Figure 5.7f). Vanadium-
rich hematite precipitates in quartz veins and brecciation matrix and is either dull brown and massive, 
or refractive and crystalline (Figure 5.6k; Figure 5.6l; Figure 5.7h).  Sphalerite precipitates in later 
quartz veins and brecciation matrix. Light yellow-brown sphalerite (Figure 5.6i), similar to that found 
at Prairie Main Load, precipitates with galena and very minor amounts of chalcopyrite. Pale brown 
sphalerite precipitates with galena, hematite, bornite and barite. Bornite has been altered to chalcocite, 
also affecting the edges of sphalerite and galena in contact with it (Figure 5.6j). 
Banded iron formation (BIF) is found distal to the deposits (~3-4 km), to the S-W of the Prairie Downs 
Fault (Figure 5.1). The unit consists of alternating dark grey to black iron-rich beds and pale grey, pink 
Figure 5.6 (continued) ..of pyrite (py) within vein and in surrounding altered host rock in PDD216 at 483 m; g) plane polarised 
light image of dark brown sphalerite (sp) with galena (gn) and chalcopyrite (cpy) in early quartz vein, cutting through ophitic 
dolerite in PDD111 at 251 m; h) reflected light image of PDD111 at 251 m highlighting the textures of vein sulphides; i) plane 
polarised light image of light yellow-brown sphalerite (sp) in quartz-filled brecciation in PDD111 at 207.5 m; j) reflected light 
image of sphalerite (sp), galena (gn) and bornite (bn) altered to chalcocite (cct) in quartz-filled brecciation in PDD405 at 129.6 
m; k) reflected light image of dull brown-refractive hematite (hem) and quartz veins cross-cutting aphanitic volcanic host rock 
in PDD405 at 129 m; l) reflected light image of hematite (hem) in quartz-filled brecciation, cross-cutting ophitic dolerite, that is 
fibrous and refractive in vein centres and dull-brown at vein edges. In PDD410 at 227 m.
150
 Chapter 5 Trace element reconnaissance, Prairie Downs
Figure 5.7: TIMA phase and element maps of thin section samples: a) Banded Chlorite Schist in PDD322 269.9 m , b) Banded 
Chlorite Schist in PDD111 211 m, c) Muscovite-quartz Volcanics and Sediments PDD111 in 200.6 m, d) Muscovite-quartz 
Volcanics and Sediments in PDD204 203.5 m, e) Porphyritic Volcanics in PDD410 48.7 m, f) Banded Chlorite Schist in PDD410 
181.7 m , g) pyrite mineralisation in Banded Iron Formation in PDD216 483 m, h) hematite mineralisation in Ophitic Mafic 
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to brown altered rock containing chert and fine grained-amorphous crystal lathes and phyllo-silicate 
needles (Figure 5.5b; Figure 5.6d). Large granoblastic spongy pyrite grains form along sedimentary 
layers (Figure 5.6f). Thick (<50 m) ophitic dolerite sills intrude the BIF unit. Calcite and chlorite veins, 
with minor quartz, cross-cut the sediments and contain abundant euhedral pyrite (Figure 5.6d,e). TIMA 
analysis has indicated with the host rock banded iron formation contains calcite, quartz, actinolite, iron 
oxide, bannisterite, minor sphalerite, wollastonite, pumpellyite, Fe-chlorite, apatite and epidote. The 
identification of bannisterite is unreliable since the very fine grain size and variable optical properties 
of the BIF host rock makes it difficult to determine individual minerals. Bannisterite is a phyllosilicate 
(Dunn et al. 1981; Heaney et al. 1992). and has been identified at Broken Hill, SA, associated with zinc 
mineralisation (Mondillo et al. 2015). The classification of bannisterite is used to indicate an overall 
composition similar to the composition of bannisterite yet it could be a number of other phyllo-silicates 
associated with BIF (Rasmussen et al. 2013). 
Other rock types include porphyritic volcanic rocks and breccia. Porphyritic volcanic rocks found at 
shallow depths in at Wolf Prospect (Figure 5.4) are dark grey-green in hand samples and include large 
skeletal (≤3 mm) albite lathe phenocrysts within a groundmass of predominantly albite, amphibole 
that likely replaced clinopyroxene, chlorite (Figure 5.5j; Figure 5.7e). Large veins of comb-textured 
albite and epidote cross-cut thin Fe-chlorite veinlets hosting small grains of chalcopyrite (Figure 5.5k; 
Figure 5.7e). Drill cores cross-cutting the Wolf Prospect (Figure 5.4) transect a breccia formed of sub-
angular to angular clasts of fine to coarse-grained, chlorite-altered, vesicular to massive volcanic rocks 
in a red-brown matrix (Figure 5.5a). Some volcanic clasts have deformation structures similar to those 
seen in the volcanic rocks of the Fortescue Group. Pillow basalts and a section of poorly-sorted, gravel 
sandstone containing quartz, feldspar, and a variety of lithic clasts are also found in amongst the breccia 
(Figure 5.3b; Figure 5.4; Figure 5.5a).  Volcanic clasts and proximity to the Prairie Downs Fault suggest 
the mafic clasts may be derived from the Fortescue Group. However, the stratigraphic relationship to the 
Bresnahan or Edmund sediments is unclear.
5.5 Compositional Results
5.5.1 Qualitative whole-rock compositions of thin section samples
Semi-quantitative, whole rock compositions derived from TIMA are presented in Table 5.1 for chlorite-
rich, muscovite-rich and BIF host rock. Areas do not include veins or brecciation. Chlorite-rich rocks 
contain some of the highest concentrations of Mg and Ca whereas muscovite-rich rocks contain the 
most K. BIF samples have relatively high quantities of Fe, Mn and Zn compared to other samples, as 
well as small amounts of Cu, Sn, Sb and Pb. Na is low in all rock types.
Figure 6.7 (continued) ...Intrusions PDD410 227.7 m, i) sphalerite ore zone fractured by carbonate bearing fluids in PDD111 
207.5 m, j) early dark brown sphalerite with galena and chalcopyrite cross-cutting Ophitic Mafic Intrusion in PDD111 251 m. 
Scale bars are all 10 mm.
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Table 5.1 Semi-quantitative element abundances over thin section samples
Element % of thin section surface area
Sample ID Host rock O Mg Al Si S K Ca Ti Mn Fe Zn
PDD216_483m BIF 27 0 0 18 25 0 6 0 0 21 1
PDD216_540.1m BIF 41 3 1 17 0 0 2 0 2 30 2
PDD216_550.5m BIF 34 2 1 18 13 0 2 0 2 23 2
PDD322_269.9m Chlorite schist 45 8 11 18 0 0 2 0 0 13 0
PDD322_291m Chlorite schist 51 4 3 35 0 0 2 0 0 3 0
PDD322_317m Chlorite schist 51 1 2 30 0 0 11 0 0 1 0
PDD111_211m Chlorite schist 51 2 2 38 0 0 2 0 0 3 0
PDD111_243.9m Chlorite schist 51 3 2 36 0 0 3 0 0 4 0
PDD410_181.7m Chlorite schist 48 5 8 29 0 0 0 0 0 9 0
PDD111_200.6m Muscovite schist 49 2 5 21 0 2 8 0 1 8 0
PDD111_227.8m Muscovite altered 52 0 2 43 0 1 0 0 0 1 0
PDD204_203.5m Muscovite altered 51 0 7 37 0 3 0 0 0 1 0
PDD204_219m Muscovite altered 51 0 3 42 1 1 0 1 0 1 0
PDD405_42.6m Muscovite altered 51 0 7 38 0 3 0 0 0 0 0
PDD405_121.4m Muscovite altered 52 1 1 42 0 1 0 0 0 1 0
PDD405_140.1m Muscovite altered 50 0 9 34 0 4 0 0 0 2 0
PDD410_227.7m Muscovite altered 51 0 7 37 0 3 0 1 0 1 0
PDD410_200.9m Muscovite altered 52 0 2 44 0 1 0 0 0 0 0
5.5.2 Quantitative mineral compositions
Chlorite has a complex chemical formula that allows for a multitude of different substitutions and 
element quantities making it difficult to determine the exact quantity of Si without extra analysis such 
as microprobe. Optical microscopy, mineral spectra comparisons and semi-quantitative TIMA analysis 
indicates the chlorites to be close to the compositions of Mg-rich clinochlore, Zn-rich baileychlore 
and Fe-rich chamosite, agreeing with microprobe analysis in baileychlore at Prairie Downs indicating 
11.5-13 wt.% Si (White et al. 2016).  TIMA analysis indicates ankerite may have slightly more Ca that 
the stoichiometric quantity of 19.42 wt.% Ca with a Ca content more likely matched to dolomite at 
21.73 wt.%. The variability of major element compositions in chlorite and ankerite means that trace 
element concentrations should not be taken as absolute values, particularly major elements for which 
any variation in silicon content will introduce large errors up to ~±2 %. For trace elements this error 
will be much less significant. Trace elements are considered ‘enriched’ compared to the same minerals 
in different populations at Prairie Downs.
The average, maximum and minimum minor and trace element compositions of chlorite and carbonates 
are presented in Table 5.2 and 5.3, respectively. Chlorite and carbonate compositions are also compared 
between different mineralisation area, illustrated in Figure 5.8 and 6.9. Li, B, Na, S, V, Cr, Mn, Co, Ni, 
Zn, Ga, Ge range from minor (1000-10 000 ppm) to trace (<1000 ppm) concentrations but show much 
less variation in the range of values compared to other elements, indicating that they may be hosted in 
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the chlorite lattice. Fe-chlorites at Wolf Prospect have higher concentrations of Zn compared to those 
at Prairie Main Load, on average between 448 ppm and 43496 ppm indicating that they have a similar 
composition to Zn –chlorites with between an average 14700 ppm and 163440 ppm Zn.
The average, maximum and minimum minor and trace element compositions of hematite are presented 
in Table 5.4. Hematite has several different textural populations and correspondingly different 
concentrations in some trace elements. All hematite includes minor element quantities of Al, Si and V 
and high concentrations of Zn, Pb and Sb. Hematite mineralisation in altered host rock includes major 
element concentrations of Al, Si, and Zn (Table 5.4) pointing to the inclusion of silicates in the analysis, 
most likely Zn-chlorite, therefore these analyses will not be considered further. 
The average, maximum and minimum minor and trace element compositions of sulphide minerals, 
pyrite, chalcopyrite, sphalerite and galena, are presented in Table 5.5.  
5.6 Discussion
5.6.1 Physico-chemical conditions during mineralisation
Two polymetallic Zn-Pb-Cu ore assemblages are recognised at Prairie Main Load and Wolf Prospect; 
dark brown sphalerite-galena-chalcopyrite-pyrite and pale brown sphalerite-galena-hematite-barite-
bornite altered to chalcocite, respectively. The ore assemblages in each deposits indicate that that early 
Pb-Zn-Cu assemblages at Prairie Main Load hosting dark sphalerite precipitated in slightly acidic 
to near-neutral and reducing conditions (Figure 5.10a) whereas Zn-Pb-Cu mineralisation hosting 
light sphalerite at Wolf Prospect precipitated in relatively acidic and oxidising conditions (Figure 
5.10b). Copper sulphide precipitates based on the redox and pH conditions of the fluid. Chalcopyrite 
precipitates at higher pH or more reducing condition compared to chalcocite (Reed and Palandri 2006). 
The replacement of bornite by chalcocite also points to increasing oxidation, acidity or S content (Reed 
and Palandri 2006) during alteration. 
The dark sphalerite-galena-chalcopyrite-pyrite assemblage at Prairie Main Load is relatively trace 
element rich. This pyrite is enriched in Cu, Zn, Ag, Cd, Sn, Sb, Au and Pb compared to others and 
chalcopyrite incorporates particularly high Pb, and is enriched in all trace elements apart from Ag 
compared to chalcocite at Wolf Prospect (Figure 5.11a,b). High-Sn pyrite and chalcopyrite can be 
found precipitated from higher temperature, acidic and reducing fluids (Huston et al. 1995) and high 
Sn is often related to magmatic deposits (Kołodziejczyk et al. 2016). Galena with dark sphalerite in 
similarly enriched in Fe, Zn, Ag, Cd and Sb compared to galena with light sphalerite, which is extremely 
enriched in Se (Figure 5.11d). Dark sphalerite at Prairie Main Load is enriched in Sn and Au relative to 
other sphalerite and enriched in all trace elements, apart from Se, compared to light sphalerite at Wolf 
Prospect (Figure 5.11c). Selenium-rich galena is found in low temperature (<200°C), volcanogenic 
environments where increasing temperature decreases Se content, and native Se is unstable (Huston 
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Core Depth/m Host rock ppm (n) Event Li B Na P S K Ca Ti V Cr Mn Co Ni Cu Zn Ga Ge
111 243.9 Chl-rich Mean(10) S1 76.6 70.1 93.7 462.8 268.8 7187 2403 6678 500 150.5 895 55.9 140.8 0.9 171 34.8 4.8
 PD Max. 92.5 156.9 164.2 3440.0 367.0 15930 14300 18110 668 297.0 1214 73.9 171.0 3.5 223 37.5 8.8
Min. 60.0 12.0 30.1 9.0 227.0 727 127 74 325 68.1 707 42.6 105.5 0.3 102 28.2 2.8
111 211 Chl-rich Mean(12) S1 41.9 28.6 42.9 240.6 205.7 2444 806 832 299 337.4 902 50.6 155.0 1.4 135 26.6 3.1
PD Max. 52.8 61.0 83.0 1000.0 263.0 5780 3180 4560 362 537.0 978 55.0 171.0 3.1 147 27.7 3.7
Min. 35.1 3.6 15.2 20.5 157.0 102 117 84 255 106.9 806 45.8 133.6 0.4 123 24.8 2.6
322 269.9 Chl-rich Mean(15) S1 33.1 12.1 25.5 807.8 185.3 1191 3314 716 351 365.2 811 77.7 193.1 0.9 113 33.1 3.2
PD Max. 37.8 37.5 53.3 3190.0 247.0 3670 11800 4080 373 612.5 877 86.3 209.1 1.8 125 35.2 3.7
Min. 28.1 4.3 14.1 10.6 115.0 131 102 111 326 213.7 693 66.7 181.5 0.6 99 31.0 2.5
322 291 Chl-rich Mean(15) S1 58.8 11.8 33.8 22.8 188.6 1041 856 1029 429 161.6 1000 53.6 119.0 1.1 161 27.8 3.5
PD Max. 73.9 37.2 67.8 151.0 295.0 3870 4920 4840 500 370.0 1125 60.7 130.9 1.9 177 29.6 4.1
Min. 41.0 3.8 19.5 6.1 97.0 112 105 67 346 59.5 871 44.7 103.8 0.4 150 25.4 3.1
322 317 Chl-rich Mean(15) S1 82.0 5.6 30.1 1915.8 229.7 76 8170 5188 431 243.9 966 69.5 155.9 1.5 163 30.2 3.9
PD Max. 92.8 10.2 53.0 23000.0 334.0 165 60900 21880 693 748.0 1216 77.1 209.0 4.0 189 34.7 8.0
Min. 73.6 2.2 18.1 9.8 151.0 27 148 63 300 71.8 843 63.8 122.7 0.4 116 26.5 2.6
111 227.8 Musc-rich Mean(10) S1 103.8 24.0 44.9 18.2 635.7 154 31494 90 235 44.7 1146 40.7 63.2 1.1 90 30.4 8.9
PD Max. 166.0 45.6 116.0 32.0 3800.0 828 101600 136 288 93.4 3940 115.5 153.1 3.2 112 36.8 10.2
Min. 73.6 10.4 14.7 11.6 139.0 2 122 70 166 22.2 164 2.0 28.4 0.3 67 23.0 8.0
111 200.6 Musc-rich Mean(10) S1 65.4 53.7 55.0 253.0 258.5 4589 1257 1283 279 43.3 216 17.8 239.5 1.4 100 27.1 7.2
PD Max. 94.0 109.9 76.8 2290.0 372.0 11660 8600 4210 347 71.8 266 24.9 301.0 3.5 140 30.9 8.5
Min. 40.0 26.0 37.2 6.5 158.0 1314 177 154 192 22.1 149 11.2 158.0 0.4 70 18.7 4.9
204 203.5 Musc-rich Mean(8) B 219.3 10.4 16.9 17.8 229.0 70 117 98 181 10.4 154 25.6 73.7 3.9 219 30.0 9.1
PD Max. 238.0 12.9 22.9 24.5 335.0 422 117 108 271 28.0 219 28.5 91.4 9.0 307 31.8 9.5
Min. 203.0 5.7 12.4 9.4 153.0 6 117 89 97 5.2 137 20.1 52.5 0.6 162 27.7 8.7
111 227.8 Musc-rich Mean(5) B 135.0 37.3 54.8 41.5 12048.4 3681 352 1123 261 102.7 215 38.9 103.1 9.6 104 30.7 7.1
PD Max. 201.0 110.6 124.0 120.0 50300.0 16700 530 5010 337 231.9 620 112.5 156.4 40.6 147 39.1 10.1
Min. 2.4 9.0 15.3 11.0 190.0 5 85 96 153 19.9 8 14.3 11.5 0.3 3 11.2 1.2
410 181.7 Chl-rich Mean(20) S1 64.4 16.0 71.4 66.8 288.3 73 804 181 1696 46.3 650 308.3 277.5 6.9 146570 27.8 12.9
WP Max. 94.3 20.4 117.7 657.0 385.0 131 2670 1060 2729 145.6 955 372.8 331.1 14.5 193600 32.2 14.8
Min. 38.3 9.5 35.3 5.6 194.0 26 382 24 852 10.4 468 178.0 192.0 2.9 73400 20.5 9.1
410 227.7 Musc-rich Mean(4) S1 52.4 98.2 81.6 9.9 296.3 7210 632 782 396 348.7 697 209.0 675.8 19.9 104075 32.2 8.5
WP Max. 66.0 137.0 123.9 16.0 350.0 12750 783 2850 464 584.4 829 258.6 910.0 26.0 126300 36.9 10.2
Min. 44.7 35.6 62.0 6.6 256.0 2550 473 27 331 67.4 543 175.6 550.0 17.2 74400 28.4 7.2
410 181.7 Chl-rich Mean(5) S1 45.5 11.6 58.9 15.9 196.4 87 508 3507 710 45.5 980 143.4 157.1 11.0 43496 25.3 8.4
WP Max. 73.5 22.8 103.7 23.5 322.0 148 862 9810 1579 73.0 1696 277.0 286.0 23.0 111100 39.2 16.9
Min. 15.3 4.7 38.9 15.0 109.0 51 270 58 325 17.7 363 51.5 82.5 5.6 12200 7.3 3.9
405 121.4 Musc-rich Mean(9) B 99.8 34.3 176.6 307.2 181.0 9631 1090 1202 161 82.2 966 90.6 177.7 93.1 14778 28.8 5.0
WP Max. 134.9 75.7 259.0 1750.0 261.0 25500 4520 2130 226 150.5 1474 134.8 259.0 125 22900 38.5 6.4
Min. 65.2 14.5 139.9 10.8 38.0 1860 233 322 111 33.2 636 58.7 103.9 51.9 9280 21.3 3.6
405 140.1 Musc-rich Mean(10) B 69.8 5.1 12.1 13.7 301.3 425 29380 135 1202 35.5 1659 284.8 664.3 1.6 163440 62.3 17.7
WP Max. 80.2 13.4 29.1 26.0 446.0 1260 117000 861 2222 90.3 3700 307.7 762.0 4.2 194200 66.8 19.5
Min. 51.0 2.1 9.9 11.0 228.0 2 119 29 660 10.4 1244 246.0 558.0 0.4 117700 51.2 13.5
405 136.5 Musc-rich Mean(2) B 75.0 36.7 49.7 4165.5 385.0 1204 12873 97 1222 145.9 946 214.8 551.0 4.4 87550 76.1 13.8
WP Max. 82.8 53.7 76.1 8300.0 520.0 1952 25500 111 1382 153.3 1022 226.0 594.0 7.6 106100 80.6 13.9
Min. 67.1 19.7 23.3 31.0 250.0 456 246 84 1062 138.4 869 203.5 508.0 1.2 69000 71.6 13.8
405 121.4 Musc-rich Mean(4) B 95.6 29.5 146.7 310.0 190.3 6044 1057 5525 170 67.4 907 89.5 144.7 52.8 14703 25.7 5.2
WP Max. 114.7 43.8 180.4 1120.0 280.0 8560 2430 7380 211 77.2 1094 109.1 182.3 60.8 18380 31.4 5.9
Min. 73.1 22.7 123.4 21.0 126.0 3440 418 3340 145 59.7 695 65.1 110.2 40.9 9930 20.7 4.4
410 48.7 Porphyritic 
volcanic
Mean(14) B 42.8 5.4 37.7 71.1 231.4 64 3768 96 250 110.1 2755 103.0 176.8 10.6 448 52.1 5.1
Max. 69.4 13.0 108.0 427.0 380.0 332 38300 109 348 325.0 7000 127.7 213.0 130 546 59.6 11.2
WP Min. 29.9 2.1 9.5 6.0 110.0 8 141 67 204 10.1 1552 75.9 117.0 0.5 386 43.3 3.4
216 483 BIF Mean(10) B 47.9 22.5 100.7 3578.4 235.3 70 15177 94 1554 49.2 1937 22.5 23.7 0.3 662 72.2 11.8
Max. 56.2 26.0 163.7 12400.0 325.0 87 51000 321 1824 78.6 2320 29.2 28.9 0.8 834 77.8 12.7
Min. 40.5 19 64.7 14 155.0 54.6 721.0 59 1250.0 29.3 1659 18.1 20.0 0.1 550.0 62.2 10.9
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As Rb Sr Y Zr Mo In Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu W Pb U
15.9 40.0 6.8 23.0 92.6 0.1 0.1 9.8 5.2 24.9 6.9 13.1 1.7 8.0 2.1 0.9 2.7 0.6 4.9 1.3 4.2 0.6 4.0 0.6 0.8 11 0.4
38.9 83.7 19.2 69.0 312.0 0.3 0.2 65.0 15.4 89.8 22.5 41.0 5.5 25.1 6.0 2.7 8.1 1.8 14.9 4.0 12.8 1.9 11.8 1.5 2.6 44 0.9
2.8 4.1 0.8 0.2 1.0 0.1 0.0 0.5 0.8 2.8 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0 0.0
0.3 12.8 1.0 4.7 73.9 0.1 0.1 2.4 0.9 3.9 0.3 0.9 0.1 0.7 0.3 0.1 0.4 0.1 0.7 0.2 0.7 0.1 1.0 0.2 0.3 1 0.6
1.2 38.6 3.1 23.6 435.0 0.2 0.1 11.1 3.6 8.8 2.4 5.8 0.9 4.6 1.5 0.8 1.6 0.4 2.6 0.8 3.5 0.7 6.0 1.2 1.4 9 3.2
0.3 0.8 0.5 0.3 3.1 0.0 0.0 0.5 0.2 1.6 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0 0.0
0.5 5.5 1.3 4.6 115.0 0.1 0.1 0.8 1.2 3.4 0.2 0.6 0.1 0.7 0.3 0.1 0.4 0.1 0.6 0.2 0.7 0.1 1.3 0.2 0.1 1 0.5
1.4 17.3 3.5 12.7 346.0 0.1 0.1 2.0 2.2 8.6 0.5 2.4 0.4 3.0 1.1 0.2 1.2 0.2 1.4 0.4 1.7 0.4 3.4 0.7 0.3 1.8 1.6
0.2 0.7 0.4 0.3 6.3 0.0 0.0 0.3 0.6 1.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.0
0.8 5.6 0.8 2.1 57.8 0.1 0.1 1.2 0.4 3.8 0.1 0.2 0.0 0.2 0.1 0.0 0.1 0.0 0.2 0.1 0.4 0.1 0.7 0.2 0.1 0 0.1
1.9 21.3 2.1 13.6 493.0 0.1 0.1 2.7 0.7 6.8 0.2 0.6 0.1 0.7 0.3 0.1 0.4 0.1 0.9 0.4 2.6 0.6 5.8 1.3 0.4 1 0.7
0.1 1.1 0.5 0.2 1.2 0.0 0.0 0.3 0.2 2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0.0
2.8 0.7 5.8 30.8 92.7 0.1 0.1 9.0 1.9 6.8 7.9 21.2 2.9 13.2 3.6 0.9 4.3 0.8 6.0 1.4 3.9 0.5 3.2 0.4 0.6 4 0.5
23.5 1.1 23.0 152.3 294.0 0.3 0.1 32.0 7.1 30.2 42.2 116.4 15.5 67.4 18.0 4.4 20.5 4.1 30.4 7.2 19.9 2.5 14.9 1.8 2.0 15 1.5
0.3 0.3 0.5 0.8 4.4 0.1 0.0 0.9 0.2 1.4 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0 0.0
3.8 1.0 2.5 6.1 1.1 0.1 0.1 0.9 2.8 1.3 1.6 4.1 0.6 2.9 1.1 0.3 1.3 0.2 1.1 0.2 0.6 0.1 0.6 0.1 0.0 9 0.1
15.1 4.4 10.9 31.6 2.4 0.2 0.3 1.2 8.2 2.1 9.2 23.3 3.2 15.3 5.3 1.6 6.0 1.0 6.0 1.2 3.4 0.5 3.4 0.4 0.0 46 0.4
0.8 0.2 0.2 0.1 0.3 0.0 0.0 0.7 1.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0.0
4.5 23.8 1.6 5.7 59.5 0.1 0.0 3.9 3.0 5.6 0.5 1.5 0.2 1.2 0.4 0.1 0.5 0.1 0.8 0.2 0.7 0.1 0.8 0.1 0.1 1 0.6
17.0 64.2 3.2 13.7 193.0 0.2 0.1 11.9 4.8 11.7 2.1 4.6 0.7 4.7 1.3 0.3 1.2 0.2 1.8 0.5 1.6 0.3 2.6 0.4 0.7 4 1.5
0.8 5.1 1.0 0.8 9.6 0.0 0.0 0.7 1.7 2.7 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0 0.1
61.0 0.3 0.2 0.0 0.8 0.0 0.0 1.0 3.1 0.4 0.0 0.1 0.0 0.0 0.0 b.d 0.0 0.0 0.0 b.d 0.0 b.d 0.0 0.0 0.0 13 0.0
97.6 2.1 0.3 0.1 1.2 0.0 0.0 3.3 4.6 0.7 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 23 0.0
28.0 0.4 0.1 0.0 0.5 0.0 0.0 0.5 2.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8 0.0
156.5 24.4 0.8 0.9 18.5 1.6 0.0 1.4 34.8 3.2 0.0 0.2 0.0 0.1 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.2 0.0 0.1 16 0.3
615.0 110.9 1.8 3.8 81.9 4.6 0.1 1.7 124.8 12.9 0.2 0.7 0.1 0.6 0.3 0.1 0.4 0.1 0.6 0.1 0.5 0.1 0.8 0.2 0.4 46 0.6
0.6 0.1 0.2 0.1 0.2 0.1 0.0 1.1 1.9 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0 0.1
3.3 0.6 6.3 1.1 3.2 0.1 0.1 1.6 10.7 43.0 8.4 11.6 1.3 2.7 0.3 0.1 0.3 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.1 65 0.0
9.1 1.0 40.3 3.8 17.1 0.2 0.2 2.4 42.1 390.0 164.0 222.0 24.3 45.0 2.1 0.6 1.3 0.2 1.0 0.2 0.6 0.1 0.6 0.1 0.3 130 0.3
1.1 0.3 1.8 0.2 0.6 0.1 0.1 1.2 1.7 16.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 23 0.0
341.9 36.3 5.5 0.6 3.2 0.1 0.1 0.6 4.9 95.6 0.0 0.1 <0.0 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 16 0.0
748.0 60.5 10.3 1.5 5.7 0.1 0.1 0.8 7.0 291.0 0.0 0.1 0.0 0.1 0.1 0.1 0.1 0.1 0.2 0.0 0.1 0.0 0.1 0.0 0.1 26 0.1
1.2 12.9 2.8 0.3 1.7 0.0 0.1 0.5 3.7 20.8 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 10 0.0
5.4 0.8 3.6 7.3 63.5 0.2 0.1 1.5 76.8 22.9 1.7 5.8 0.9 4.3 1.1 0.5 1.2 0.2 1.4 0.3 1.0 0.2 1.3 0.2 1.0 140 0.5
14.9 1.2 6.6 19.8 176.0 0.4 0.2 3.5 300.7 46.2 3.9 14.4 2.4 11.0 2.7 1.2 2.9 0.6 4.0 0.9 3.0 0.5 3.2 0.5 1.8 443 0.9
1.0 0.4 1.3 0.2 0.7 0.1 0.1 0.5 4.3 7.3 0.0 0.1 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.2 0.0 0.0 0.0 0.1 24 0.0
6.5 84.2 4.0 11.1 68.2 0.3 0.3 1.7 39.2 126.8 10.9 23.8 3.0 12.9 2.9 0.7 2.3 0.3 1.9 0.4 1.2 0.2 1.3 0.2 0.2 189 0.7
12.3 151.8 15.3 27.6 154.0 0.5 0.4 3.3 60.4 452.0 55.0 120.0 15.0 65.0 12.5 2.1 6.0 0.7 4.2 1.0 3.0 0.4 3.2 0.5 0.4 302 1.2
3.4 24.2 1.5 3.9 19.4 0.1 0.2 1.2 23.2 13.9 0.6 1.7 0.2 0.8 0.4 0.1 0.6 0.1 0.6 0.1 0.4 0.1 0.5 0.1 0.1 75 0.4
1.9 1.3 2.2 8.0 0.0 0.1 0.6 0.6 1.3 2.7 0.6 2.9 0.6 4.3 1.9 0.9 2.0 0.3 1.5 0.2 0.6 0.1 0.6 0.1 0.0 5 0.0
6.3 6.5 17.8 79.0 0.2 0.2 1.9 0.8 5.9 10.8 5.5 28.6 6.2 42.7 19.1 9.4 20.0 2.9 14.9 2.4 5.7 0.8 5.8 0.7 0.0 19 0.0
0.7 0.2 0.1 0.0 0.0 0.1 0.3 0.5 0.1 0.5 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1 0.0
3.0 7.3 5.5 6.1 4.2 0.4 0.9 10.3 3.9 18.6 0.7 3.5 0.9 6.5 3.5 1.9 4.4 0.5 2.2 0.3 0.5 0.0 0.2 0.0 0.0 24 0.1
4.4 12.2 8.6 12.1 8.1 0.6 1.1 10.5 4.9 29.0 1.2 6.7 1.7 12.9 7.0 3.9 8.7 1.0 4.4 0.6 1.0 0.1 0.4 0.1 0.1 29 0.1
1.6 2.4 2.5 0.1 0.4 0.1 0.7 10.1 3.0 8.2 0.2 0.3 0.0 0.1 7.0 3.9 0.0 1.0 0.0 0.6 0.0 0.1 0.0 0.1 0.0 19 0.0
10.1 57.6 3.5 11.2 72.4 0.4 0.2 2.3 61.7 103.2 14.3 35.7 4.4 18.6 3.9 0.9 3.0 0.4 2.1 0.4 1.2 0.2 1.4 0.2 0.8 233 1.0
12.7 84.7 5.8 15.9 76.6 0.5 0.3 2.7 83.8 270.0 51.0 127.0 15.3 65.0 12.9 2.8 8.2 0.8 3.4 0.6 1.6 0.2 1.5 0.2 1.0 287 1.2
7.6 39.2 2.3 6.8 66.5 0.3 0.2 1.9 49.4 39.8 1.1 3.2 0.5 1.9 0.7 0.3 1.0 0.2 1.2 0.2 0.8 0.1 1.2 0.2 0.6 195 0.8
b.d. 0.4 19.0 3.4 3.2 0.2 0.0 0.6 0.1 3.4 1.4 3.3 0.4 2.2 0.6 0.2 0.7 0.1 0.7 0.1 0.3 0.0 0.2 0.0 0.0 1 0.1
0.5 0.9 254.0 35.7 27.4 0.5 0.3 1.3 0.6 15.0 17.6 40.5 5.4 26.5 6.8 2.3 7.7 1.0 6.3 1.3 3.3 0.4 2.2 0.2 0.0 3 0.2
0.5 0.1 0.3 0.0 0.3 0.1 0.0 0.3 0.1 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0 0.0
1.2 1.6 57.6 56.6 6.2 1.0 0.1 2.2 0.3 8.9 15.3 28.5 5.3 26.2 7.0 3.6 8.8 1.3 7.5 1.5 3.7 0.4 2.0 0.3 0.7 61 1.4
1.8 2.0 222.0 197.0 14.8 6.4 0.1 2.7 0.8 41.2 57.0 104.1 19.7 95.5 24.7 12.5 30.8 4.4 26.1 5.3 12.5 1.2 6.7 0.8 2.3 264 3.3
0.8 1.2 2.8 0.9 0.6 0.1 0.0 1.9 0.2 3.2 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0 0.0 0.08 0.01 0.11 0.02 0.01 0.73 0.35
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Core Depth/m Mineral Host rock Event ppm B Na P S K Ti V Cr Mn Co Ni Cu Zn Ga Ge As Rb
322 317 Cacite Chl-rich S1 Mean(12) 13.6 49.4 22.3 311.5 89.7 16.8 1.0 13.3 2204 0.4 1.2 5.0 4.6 0.5 0.8 0.9 1.1
PD Max. 80.0 193.0 98.0 1160.0 550.0 130.0 6.5 75.0 2810 1.3 8.4 27.0 37.0 1.1 1.0 2.5 2.3
Min. 0.3 8.3 5.6 64.0 3.9 0.1 0.1 1.5 1161 0.0 0.1 0.2 0.8 0.2 0.6 0.2 0.3
111 200.6 Ankerite Musc-rich S1 Mean(10) 29.6 147.1 54.7 121.0 3368 854.4 60.8 16.8 2984 4.8 7.8 1.1 10.4 2.7 1.8 0.4 19.1
PD Max. 179 321.9 264.0 187.0 20900 5020 159.9 49.7 4340 6.5 10.3 3.7 18.6 13.7 2.6 0.8 107
Min. 1.8 24.8 12.2 81.0 27.6 3.8 13.6 2.2 1501 2.8 3.2 0.4 7.7 0.9 1.0 0.2 4.7
322 269.9 Ankerite Chl-rich S1 Mean(10) 6.0 177.0 155.8 86.1 469.6 9.1 47.1 27.4 4489 6.3 15.4 0.4 18.3 3.2 2.3 1.2 2.3
PD Max. 19.6 274.0 1182 116.0 1950 25.1 114.5 110.9 5456 18.4 54.1 0.7 35.6 8.3 3.0 2.8 9.8
Min. 0.5 27.8 5.5 49.0 7.8 1.1 9.3 2.4 3826 0.3 0.6 0.2 4.1 1.2 1.8 0.4 0.1
322 291 Cacite Chl-rich B Mean(10) 2.3 24.7 18.6 117.3 114.2 54.4 14.9 5.8 4348 1.9 3.8 0.5 5.6 2.1 1.8 1.0 0.6
PD Max. 5.3 58.8 32.6 172.0 415.0 257.0 91.0 29.3 5168 10.5 23.3 2.0 33.8 6.7 3.5 2.3 1.6
Min. 0.5 8.4 10.2 64.0 3.5 0.8 0.3 1.7 3183 0.1 0.2 0.1 0.6 0.2 0.8 0.1 0.1
322 317 Cacite Chl-rich B Mean(12) 7.4 130.8 26.5 402.3 157.2 43.3 4.7 19.2 1278 1.0 3.7 12.1 6.4 0.6 b.d 0.7 1.0
PD Max. 24.0 500.0 102.0 1210.0 900.0 270.0 26.7 86.0 2448 6.5 12.7 90.0 21.0 2.6 2.6 2.2
Min. 0.8 8.2 7.3 67.0 6.2 0.2 0.2 1.6 682 0.1 0.2 0.1 0.8 0.0 0.1 0.1
111 243.9 Ankerite Chl-rich B Mean(10) 6.6 222.7 17.2 116.5 176.6 9.4 11.6 3.1 8070 0.6 1.7 0.4 7.4 0.6 0.8 0.7 1.3
PD Max. 15.3 353.0 22.0 143.0 912.0 61.0 32.0 5.1 9030 0.9 4.3 0.7 14.2 1.5 1.1 1.5 4.3
Min. 4.0 142.5 12.3 89.0 14.7 1.8 2.8 2.1 7000 0.3 1.1 0.2 4.7 0.3 0.4 0.3 0.1
111 227.8 Ankerite Musc-rich B1 Mean(10) 3.4 95.4 19.3 123.1 107.5 10.0 20.4 10.0 5349 1.4 1.1 0.4 4.9 0.3 0.9 0.9 1.8
PD Max. 8.2 160.0 42.0 232.0 974.0 49.0 47.4 21.3 7140 1.9 3.3 0.9 6.6 0.8 1.4 3.5 5.2
Min. 0.8 23.6 8.4 51.0 4.9 0.4 1.2 1.8 2990 0.6 0.2 0.1 3.6 0.1 0.5 0.1 0.1
111 227.8 Ankerite Musc-rich B2 Mean(5) 3.2 117.9 15.0 113.4 187.0 7.3 22.4 15.5 6050 7.6 5.3 2.8 6.3 0.4 0.8 0.4 1.7
PD Max. 8.9 162.4 28.4 162.0 879.0 29.3 44.3 27.3 7220 30.8 18.8 6.0 8.4 0.9 1.1 1.3 4.8
Min. 0.9 85.2 10.5 59.0 8.6 0.5 9.2 6.5 4401 0.2 0.6 0.4 4.5 0.2 0.6 0.1 0.1
111 211 Ankerite Chl-rich B Mean(13) 1.5 213.1 335.6 101.1 35.4 2.6 1.8 2.3 3513 1.8 4.5 0.4 9.9 5.4 6.4 2.2 0.2
PD Max. 2.2 327.6 4000 154.0 104.0 7.4 10.3 3.1 4683 3.6 11.9 2.2 13.9 62.0 65.0 23.7 0.5
Min. 0.5 45.9 9.6 67.0 5.1 0.6 0.1 1.7 2323 1.1 2.3 0.1 7.0 0.3 1.1 0.1 0.1
111 200.6 Ankerite Musc-rich B Mean(5) 5.3 207.1 18.1 114.6 409.7 111.8 10.3 3.2 4037 2.7 3.0 0.8 8.3 0.6 1.4 0.2 1.6
PD Max. 9.4 283.0 25.7 139.0 859.0 540.0 24.0 6.2 4209 3.2 4.0 1.2 9.5 0.9 1.5 0.4 3.6
Min. 1.8 145.0 12.5 90.0 28.6 0.6 0.8 1.8 3800 2.0 1.3 0.3 6.7 0.2 1.2 0.1 0.1
410 181.7 Ankerite Chl-rich S1 Mean(5) 4.3 103.5 11.3 94.8 10.1 0.5 150.0 2.4 21146 13.6 0.7 0.5 3298 0.4 0.8 1.3 0.1
WP Max. 8.8 163.0 15.2 162.0 22.5 0.6 228.0 3.2 26010 18.9 1.0 0.7 5780 0.5 0.9 1.3 0.1
Min. 1.3 47.9 7.1 55.0 1.6 0.5 74.2 1.8 17690 7.4 0.3 0.2 238.2 0.2 0.7 1.3 0.1
216 550.5 Cacite BIF B Mean(5) 50.0 42.4 38.9 619.2 104.0 13.0 1.5 2.1 537 8.6 32.5 0.8 10.6 1.0 3.3 0.8 1.2
Max. 137 97.3 122.0 1770.0 235.0 42.7 4.9 2.6 722 34.0 119 2.2 18.4 1.5 7.9 1.8 2.8
Min. 1.7 16.0 11.0 169.0 4.5 1.1 0.1 1.5 422 0.1 0.5 0.3 5.9 0.5 0.9 0.3 0.2
216 540 Cacite BIF B Mean(10) 3.0 107.3 12.5 182.9 100.2 2.4 1.2 3.8 833 0.1 0.2 0.8 3.0 0.6 0.8 0.3 2.5
Max. 6.0 386.0 14.7 420.0 540.0 6.0 2.8 18.6 2500 0.1 0.4 3.4 7.2 1.7 0.9 0.3 6.6
Min. 1.2 4.8 9.0 52.0 3.0 0.5 0.0 1.9 289 0.0 0.1 0.2 0.9 0.0 0.6 0.2 0.1
216 483 Cacite BIF B Mean(16) 8.4 42.9 18.6 442.3 19.9 16.1 25.6 5.6 6250 1.5 0.9 2.0 9.1 0.8 1.0 1.7 0.5
Max. 27.0 114.0 56.0 4600.0 120.0 35.0 327.0 35.9 9356 3.2 5.8 27.0 63.0 9.3 2.1 9.2 0.5
Min. 1.3 4 9 96 2 0 0 2 3190 0.0 0.1 0.1 1 0.0 0.4 0.1 0.5
Table 5.3 Trace elements in carbonate. B = brittle veins, S1 = with S1 fabric, PD = Prairie Downs Deposit, WP = Wolf Prospect, 
BIF = banded iron formation (continued across page spread)
Table 5.2 (previous spread) Trace elements in chlorite. B = brittle veins, S1 = with S1 fabric, PD = Prairie Downs Deposit, WP = 
Wolf Prospect, BIF = banded iron formation
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Sr Y Zr Mo In Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu W Pb U
109.7 94.4 0.1 0.3 0.4 91.5 0.3 2.8 29.2 53.7 6.8 31.1 10.4 3.9 14.3 2.0 10.9 2.0 4.3 0.4 2.2 0.2 0.1 5.1 0.0
164.4 207.5 0.2 1.8 2.3 510.0 0.6 8.6 86.8 143.0 16.5 74.2 21.3 7.3 28.1 4.6 26.5 4.9 11.2 1.2 6.3 0.6 0.3 40.0 0.0
64.5 9.2 0.0 0.1 0.0 0.1 0.1 0.1 8.6 15.7 1.8 7.6 1.4 0.5 1.6 0.1 0.8 0.2 0.5 0.1 0.5 0.1 0.0 0.1 0.0
40.6 45.8 19.3 0.5 0.1 1.5 0.4 8.3 11.0 30.2 4.3 19.6 6.0 1.1 7.2 1.3 8.5 1.7 4.5 0.5 3.1 0.3 0.2 1.4 0.2
56.1 174.3 53.4 3.2 0.2 7.1 1.3 27.5 46.7 131.2 18.2 81.7 21.6 2.5 26.6 4.5 28.6 5.9 15.7 1.8 9.6 1.1 0.6 2.7 0.6
31.5 10.7 0.2 0.1 0.0 0.2 0.1 3.3 2.1 6.5 0.9 4.2 1.3 0.4 1.7 0.4 2.6 0.5 1.5 0.2 1.1 0.1 0.0 0.5 0.0
106.7 155.8 5.0 0.3 0.2 0.8 0.2 5.8 54.8 128.7 20.9 100.2 31.0 8.0 33.2 5.4 32.8 6.3 16.1 2.0 11.9 1.2 0.0 2.7 0.0
145.6 199.3 17.8 0.4 0.9 2.6 0.3 9.4 83.4 175.7 30.7 155.8 45.2 10.0 45.0 7.8 48.6 9.7 25.2 3.2 20.9 2.1 0.0 3.8 0.1
13.3 108.9 0.0 0.2 0.0 0.1 0.1 1.0 27.7 95.6 13.8 61.6 17.9 5.2 22.5 4.0 22.0 4.1 9.2 1.0 6.2 0.7 0.0 0.5 0.0
73.0 135.0 3.0 0.3 0.2 0.1 0.2 2.3 28.8 82.4 19.3 111.3 40.4 8.9 35.6 5.2 28.8 5.7 15.2 2.1 15.4 2.2 0.0 0.5 0.0
94.0 228.0 19.0 0.4 0.4 0.6 0.3 5.3 70.9 154.0 47.9 275.2 95.8 19.7 79.4 11.7 65.0 12.9 34.1 4.8 34.1 4.7 0.0 0.9 0.1
33.5 9.1 0.0 0.2 0.0 0.0 0.1 0.3 2.6 7.7 1.5 9.0 2.9 0.8 2.6 0.4 1.9 0.4 1.0 0.1 1.2 0.2 0.0 0.1 0.0
131.6 8.5 0.4 0.5 0.5 122.2 0.4 7.5 5.5 16.0 1.5 5.3 1.1 0.2 1.0 0.1 0.7 0.2 0.7 0.1 0.7 0.1 0.1 5.8 0.0
186.0 12.2 1.2 2.3 2.3 630.0 1.2 45.0 30.0 89.0 7.9 31.2 3.3 0.8 4.3 0.5 1.8 0.3 1.1 0.2 1.5 0.3 0.4 20.0 0.0
63.0 6.6 0.0 0.1 0.0 0.6 0.0 0.5 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.0 0.4 0.1 0.5 0.0 0.3 0.0 0.0 0.2 0.0
19.7 43.0 0.3 0.6 0.0 0.7 0.1 2.7 9.2 22.1 3.2 15.7 5.4 2.5 7.5 1.1 6.2 1.0 2.4 0.3 1.6 0.2 0.0 0.3 0.0
23.8 55.7 1.2 0.7 0.0 4.1 0.1 4.3 12.8 32.5 4.6 20.6 6.9 3.0 10.5 1.6 8.9 1.5 3.5 0.4 2.3 0.3 0.0 0.6 0.0
15.2 32.4 0.0 0.5 0.0 0.2 0.1 2.1 7.2 17.2 2.5 13.0 4.1 1.9 5.3 0.7 4.1 0.7 1.5 0.2 1.0 0.1 0.0 0.2 0.0
23.6 34.9 0.3 0.4 0.1 0.1 0.4 1.9 7.9 20.1 2.8 12.7 4.1 1.2 5.3 1.0 6.4 1.3 3.7 0.5 3.7 0.5 0.0 1.2 0.0
36.0 62.9 0.7 0.6 0.2 0.2 0.6 5.2 24.7 64.0 8.4 34.7 8.9 2.8 10.1 1.8 11.3 2.4 7.2 1.0 7.4 1.1 0.0 6.1 0.0
15.7 10.2 0.0 0.2 0.0 0.1 0.1 0.5 0.6 1.9 0.3 1.9 1.0 0.2 1.5 0.3 2.1 0.4 1.3 0.2 1.4 0.2 0.0 0.3 0.0
34.5 47.1 0.3 0.4 0.1 0.1 0.1 2.1 11.2 25.3 3.5 16.6 5.5 1.7 7.4 1.3 8.6 1.8 4.9 0.7 4.5 0.6 b.d 1.4 0.0
67.1 73.8 0.5 0.6 0.2 0.3 0.3 2.7 32.0 63.0 7.9 35.0 9.7 3.0 11.6 1.9 13.3 2.7 7.4 1.0 6.3 0.8 4.0 0.0
15.3 21.1 0.0 0.2 0.1 0.1 0.0 1.6 3.4 8.6 1.3 6.5 2.6 0.8 3.3 0.6 4.2 0.8 2.4 0.3 2.2 0.3 0.5 0.0
101.6 162.2 0.4 0.2 0.0 0.1 0.6 4.9 107.8 291.3 52.0 302.7 84.4 24.3 58.8 7.9 38.3 7.0 17.3 2.2 12.8 1.4 0.0 1.2 0.5
166.5 219.0 1.6 0.4 0.0 0.1 2.3 7.4 1260 3300 570.0 3230 760.0 193.0 380.0 38.0 110.0 12.5 29.0 3.6 20.6 2.2 0.0 1.6 1.5
47.8 92.5 0.0 0.2 0.0 0.1 0.1 1.0 6.1 20.5 4.6 31.6 15.2 6.5 17.8 2.9 16.7 3.4 8.7 1.1 6.4 0.7 0.0 0.8 0.0
32.0 48.4 3.8 0.3 0.1 0.5 0.2 5.6 19.1 42.9 5.8 26.1 7.5 2.4 9.2 1.4 7.9 1.5 3.7 0.4 2.3 0.2 0.0 2.1 0.0
38.5 73.2 10.9 0.3 0.1 0.8 0.2 7.1 27.7 58.3 7.5 33.5 9.7 3.0 12.6 2.0 12.1 2.4 6.1 0.7 4.2 0.4 0.0 2.5 0.1
22.4 17.3 0.0 0.2 0.0 0.1 0.2 3.8 9.1 20.0 2.7 11.8 2.9 1.2 3.7 0.5 2.7 0.5 1.1 0.1 0.6 0.1 0.0 1.5 0.0
9.1 24.5 b.d 1.5 0.6 0.1 0.2 1.9 1.4 7.2 1.6 9.9 4.6 2.1 5.4 0.9 4.7 0.8 1.7 0.2 1.2 0.1 b.d 108.5 b.d
14.0 66.4 1.8 1.7 0.1 0.3 6.1 3.8 20.1 4.6 25.9 11.4 5.0 13.1 2.2 12.1 2.0 4.6 0.5 3.1 0.3 146.0
4.4 1.4 1.3 0.0 0.1 0.1 0.4 0.1 0.6 0.1 0.6 0.2 0.1 0.3 0.0 0.3 0.1 0.1 0.0 0.1 0.0 65.4
41.7 13.4 0.2 0.1 0.0 0.3 1.8 2.2 58.8 81.4 7.4 23.7 2.3 0.7 1.8 0.2 1.2 0.3 0.9 0.1 0.7 0.1 0.0 0.4 0.0
57.2 25.9 0.2 0.3 0.0 0.8 4.8 5.9 104.3 145.9 13.3 42.8 4.5 1.5 3.7 0.5 2.3 0.6 1.4 0.2 1.1 0.1 0.1 0.7 0.0
34.2 7.4 0.1 0.0 0.0 0.1 0.1 0.5 35.4 52.2 4.9 16.5 1.5 0.5 1.1 0.1 0.7 0.2 0.5 0.1 0.3 0.0 0.0 0.2 0.0
124.9 18.6 0.1 0.1 0.1 20.8 0.1 8.6 17.9 29.1 3.2 12.2 2.1 1.0 2.1 0.3 1.9 0.5 1.3 0.2 0.9 0.1 0.1 0.7 0.0
220.4 69.1 0.1 0.2 0.6 176.0 0.1 34.2 47.7 74.0 7.9 28.0 4.2 2.9 5.3 0.9 6.0 1.6 4.3 0.5 2.3 0.3 0.2 1.8 0.0
42.3 5.7 0.0 0.0 0.0 0.0 0.1 0.3 1.2 3.3 0.5 2.8 0.6 0.4 0.7 0.1 0.6 0.1 0.3 0.0 0.2 0.0 0.0 0.3 0.0
245.1 40.9 2.6 0.4 0.1 19.0 1.0 15.7 10.5 16.7 2.1 9.3 2.5 2.6 3.4 0.6 3.8 0.9 2.8 0.4 2.8 0.4 0.1 13.1 0.8
405.9 167.6 12.6 0.7 0.8 227.0 3.6 101.0 40.5 54.6 6.7 27.1 6.5 8.1 10.5 1.7 12.6 3.0 9.1 1.3 8.6 1.3 0.2 188.0 1.8
116 3 0.0 0.2 0.0 0.0 0.1 0.2 0.4 0.8 0.1 0.7 0.3 0.2 0.5 0.1 0.6 0.1 0.3 0.1 0.5 0.1 0.1 0.2 0.2
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Figure 5.8 Element spider graphs showing comparative compositions of ductile fabric secondary alteration minerals between 
a) chlorites in Banded Chlorite Schist host rocks at Prairie Main Load and Wolf Prospect, b) chlorites in Muscovite-quartz 
Volcanics and Sediments at Prairie Main Load and Wolf Prospect, and c) ankerites at Prairie Main Load in Banded Chlorite 
Schist and Muscovite-quartz Volcanics and Sediments. Insets show normalise rare earth element plots for each plot, normalised 
to chondrite from Taylor and McLennan (1985).
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Figure 5.9 Element spider graphs showing comparative compositions of brittle fabric secondary alteration minerals between 
a) chlorites in Muscovite-quartz Volcanics and Sediments and Banded Iron Formarion host rocks at Prairie Main Load, Wolf 
Prospect, and Banded Iron Formation,  b) ankerites in Banded Chlorite Schist at Prairie Main Load and Wolf Prospect, and c) 
calcites in Banded Chlorite Schist and Banded Iron Formarion host rocks at Prairie Main Load and Banded Iron Formation 
Insets show normalise rare earth element plots for each plot, normalised to chondrite from Taylor and McLennan (1985).
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Core Depth/m Description ppm B Na Mg Al Si P K Ca Ti V Cr Mn Co Ni Cu Zn Ga
405 140.1 Altered host 
rock
Mean(9) 50.7 172.0 9986 23797 51833 15.3 1941.3 903.4 13861 9650 157.8 386.9 55.6 126.9 2.4 27671 14.1
Max. 110.2 361.0 36300 87200 127000 25.0 10300 1450.0 23810 30380 234.1 1006.0 212.4 482.0 12.0 123800 56.6
Min. 6.4 18.3 29.3 1195 2230 9.6 26.8 89.0 7450 3910 16.7 40.7 1.4 2.6 0.3 556 0.6
405 121.4 Refractive Mean(8) 57.9 208.3 388.4 2701 22726 64.8 445.7 660.8 5943 2442 72.6 1847.0 8.5 34.4 304.0 538 2.5
Max. 72.9 248.5 1520.0 3560 62900 164.0 815.0 1330.0 9670 5020 112.4 2417.0 23.7 99.4 517.0 1540 2.8
Min. 47.8 175.7 145.1 1990 13300 33.6 324.6 505.0 3920 855 40.0 1251.0 4.1 17.3 179.2 331 2.0
405 140.1 Refractive vein Mean(3) 16.7 28.7 247.6 1633 3223 11.7 43.4 178.0 1873 16680 10.5 31.0 2.1 3.5 2.6 1068 2.6
Max. 22.7 60.5 700.0 2110 5000 14.0 103.1 270.0 2053 21040 19.1 49.6 3.0 7.3 4.8 1660 5.9
Min. 12.9 8.4 8.4 1274 1910 10.2 13.2 86.0 1618 14230 4.5 15.2 0.6 1.0 1.4 213 0.6
410 227.7 Refractive vein Mean(10) 10.3 15.8 5.3 1610 2066 10.3 23.2 73.0 51 7039 0.9 23.0 0.7 1.9 0.3 286 0.4
Max. 26.5 33.7 14.5 2600 3050 12.2 82.6 79.0 165 8970 1.5 37.7 1.2 5.8 0.7 582 0.6
Min. 2.7 6.7 2.1 1018 1270 8.4 5.6 67.0 7 4560 0.5 9.5 0.4 0.5 0.1 108 0.3
405 136.5 Dull vein Mean(19) 86.7 188.6 267.5 2826 11583 48.4 402.8 612.0 6815 9293 102.7 292.7 3.4 7.7 2.3 1577 2.9
Max. 104.1 254.7 3180 8210 20200 143.0 663.0 790.0 11220 11900 152.1 481.0 18.4 51.8 7.9 10200 10.2
Min. 56.1 90.2 81.5 1785 5500 15.3 220.0 405.0 4700 7440 48.5 152.4 1.7 2.7 0.8 808 1.5
410 227.7 Dull vein Mean(12) 48.7 159.1 355.3 2948 6180 44.8 242.1 194.5 910 9700 9.5 225.0 5.7 45.8 2.0 1851 1.0
Max. 62.6 301.0 3630 7730 13390 120.0 391.0 390.0 3270 19440 19.5 861.0 17.6 96.7 6.1 8880 2.8
Min. 25.7 54.3 20.1 2029 2920 11.6 102.7 92.0 210 4060 4.0 32.0 0.9 9.2 0.3 354 0.3
Table 5.4 Trace elements in hematite in brittle veins and altered host rock at Wolf Prospect (continued across page spread).
et al. 1995). A volcanogenic origin of Se-rich sulphides at Wolf deposit could be inferred from the Se 
content given the adjacent volcanic host rocks, although Se-rich deposits are reported associated with 
sediments or metamorphic fluids (Zappettini et al. 2017). 
Figure 5.10 Stability diagrams redrawn from Cooke et al. (2000) using estimated chalcopyrite boundary from (Wagner et al. 
2009). a) Fe-S-O stability field at 250°C showing the position of Au-Sn-rich sphalerite-galena-chalcopyrite-pyrite assemblage. 
Pb-Zn-Cu assemblage may have formed from mixing between acidic Au-Sn fluid and alkaline-near neutral, reduced Pb-Zn-
Au fluid. b) Fe-S-O stability field at 250°C with Au, Ba, Sn and Pb-Zn transport windows showing the position of Se-rich 
sphalerite-galena-bornite-barite assemblage. Assemblage map have formed by oxidation of Pb-Zn-Ba-Cu fluid. Pyrite (py), 
hematite (hem), magnetite (mag), chalcopyrite (ccp), bornite (bn), barite (brt), pyrrhotite (po).
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Ge As Rb Sr Y Zr Mo In Sn Sb Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu W Pb U
13.9 93.6 11.6 45.3 5.5 5.3 4.3 0.5 1.9 343.9 290.5 3.6 15.0 2.3 11.5 3.5 1.6 2.7 0.4 2.2 0.3 0.8 0.1 0.7 0.1 3.5 562 1.6
21.9 165.6 65.2 110.8 10.4 9.2 9.5 1.0 3.9 536.0 633.0 7.0 29.6 4.5 22.3 6.8 3.0 5.5 0.8 4.3 0.7 1.5 0.2 1.4 0.1 5.9 856 3.5
8.5 15.5 0.1 2.5 0.7 1.0 0.4 0.1 0.9 68.8 17.0 0.2 1.0 0.2 0.9 0.3 0.1 0.3 0.0 0.2 0.0 0.1 0.0 0.1 0.0 0.4 199 0.1
23.4 158.1 3.5 17.6 43.9 10.2 8.2 0.9 4.8 555.9 239.3 18.0 44.5 5.9 26.3 10.1 3.1 12.4 2.0 12.0 2.0 5.0 0.6 3.5 0.4 13.2 1703 7.9
29.4 192.0 6.4 21.7 101.2 29.4 10.3 1.1 6.1 718.0 311.0 22.5 56.3 7.4 33.0 13.8 4.8 20.9 3.6 22.5 4.1 10.5 1.2 6.8 0.7 18.1 1959 10.8
20.3 130.6 2.6 14.2 15.3 5.0 5.9 0.8 4.1 487.0 199.5 11.8 27.8 3.8 17.0 6.3 1.7 6.4 1.0 5.6 0.8 2.0 0.3 1.5 0.2 6.3 1407 5.9
12.3 37.1 0.2 8.2 1.3 1.5 2.1 1.5 27.5 279.3 40.8 0.7 3.2 0.5 2.5 0.8 0.4 0.6 0.1 0.5 0.1 0.2 0.1 0.2 0.0 3.1 474 0.8
16.1 82.5 0.5 22.4 3.5 3.2 4.5 4.3 76.4 342.0 103.3 1.9 9.3 1.4 7.3 2.4 1.2 1.8 0.3 1.5 0.2 0.5 0.1 0.4 0.1 6.6 1041 2.5
10.2 12.5 0.1 1.0 0.1 0.7 0.7 0.0 3.0 208.8 9.4 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 1.2 156 0.0
11.0 18.9 0.2 0.9 0.1 1.1 1.6 0.0 0.2 361.7 11.0 0.0 0.1 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0 181 0.1
14.1 38.1 0.5 1.3 0.2 3.4 2.4 0.0 0.3 676.0 28.1 0.0 0.2 0.0 0.2 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 7.7 348 0.3
8.9 4.0 0.1 0.3 0.0 0.1 0.7 0.0 0.1 136.8 3.1 0.0 0.0 0.0 0.0 -0.0 0.0 0.0 -0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.9 45 0.0
29.1 160.7 3.6 33.4 13.9 7.1 7.6 2.6 60.3 821.0 412.0 10.8 44.1 6.0 27.8 8.3 3.9 6.6 1.0 5.7 0.9 2.1 0.3 1.7 0.2 6.7 2577 12.1
39.3 190.7 5.6 64.4 17.9 9.5 12.6 3.8 129.1 1106.0 703.0 14.5 58.4 7.7 35.0 10.5 5.0 8.2 1.3 7.1 1.1 2.7 0.3 2.3 0.2 10.6 4210 17.1
15.2 79.6 1.4 12.1 5.7 5.4 3.1 1.7 22.2 525.0 108.4 4.3 16.7 2.3 10.5 3.2 1.4 2.4 0.4 2.2 0.3 0.7 0.1 0.7 0.1 3.4 1219 4.1
18.6 107.3 1.5 3.8 2.2 3.0 9.6 0.2 1.9 700.1 146.0 0.6 2.2 0.3 1.9 0.7 0.3 0.7 0.1 0.6 0.1 0.3 0.0 0.2 0.0 15.6 1148 1.2
25.4 205.0 2.6 5.8 5.3 4.7 14.1 0.4 6.5 1120.0 288.0 2.1 6.7 0.9 4.8 1.4 0.6 1.6 0.2 1.2 0.2 0.6 0.1 0.5 0.1 22.5 3490 2.4
13.2 39.5 0.6 1.9 0.3 1.5 4.6 0.0 0.5 423.0 39.0 0.1 0.3 0.1 0.3 0.2 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 0.0 9.6 224 0.4
Iron and Cd are common minor elements which substitute for Zn in sphalerite (Cook et al. 2009b; Ye 
et al. 2011; Wen et al. 2016).  Correlation between Fe and Zn is strong whereas Cd and Zn show a 
greater spread in data indicating that substitution is not the sole cause of Cd content (Figure 5.12a,b). 
Temperature estimates using Fe in sphalerite from Keith et al. (2014) provide an estimate temperature 
range between ~250°C and 267°C for early dark brown sphalerite at Prairie Main Load and ~238-
254°C for yellow-brown sphalerite, whereas pale brown sphalerite at Wolf Prospect formed at lower 
temperatures (< 230°C) (Figure 5.12c,d). Furthermore, the relationship between the Co/Ni ratio and 
the Cd/Fe ratio has been used to classify sphalerite from several different base-metal deposit types and 
locations (Ye et al. 2011). Most analyses from Prairie Main Load and Wolf Prospect plot within range 
of all of the fields (Figure 5.13). Some analyses from early dark sphalerite cross into the skarn field, 
emphasising the higher temperature and potentially a magmatic Au-Sn source. Pale brown sphalerite at 
Wolf Prospect plots within the sediment-hosted deposits indicating stronger association with sediment-
derived fluids or seawater at lower temperatures. 
Trace elements in pyrite have been used by numerous authors to indicate the type of pyrite (e.g. 
sedimentary, hydrothermal), the conditions in which it precipitated, and the fluids from which it is 
sourced (Ryall 1977; Roberts 1982; Huston et al. 1995; Large et al. 2007; Scholz and Neumann 2007; 
Deditius et al. 2011; Winderbaum et al. 2012; Agangi et al. 2013; Reich et al. 2013; Large et al. 2014; 
Zhang et al. 2014; Gadd et al. 2016; Hou et al. 2016; Mukherjee and Large 2016; Mukherjee and Large 
2017; Reich et al. 2017). Pyrite commonly contains high concentrations of Co and Ni and it has been 
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Core Depth/m Mineral Host rock Event ppm Fe Co Ni Cu Zn As
PDD322 269.9 Pyrite Chl-rich S1 Mean(5) 465000 878.1 173.2 22.5 0.7 47.3
PD Max. 465000 1484.7 274.3 72.1 1.1 112.2
Min. 465000 274.7 96.5 4.2 0.5 1.7
PDD204 209.4 Pyrite Musc-rich S1 Mean(10) 465000 124.7 34.3 1.8 0.8 1.2
PD (Sed) Max. 465000 928.2 183.1 8.1 1.6 1.2
Min. 465000 0.6 1.5 0.3 0.2 1.1
PDD111 227.8 Pyrite Musc-rich B Mean(4) 465000 238.2 422.8 199.3 2.2 121.5
PD Max. 465000 397.7 627.1 274.5 2.7 292.7
Min. 465000 152.8 179.3 125.3 1.2 26.1
PDD204 203.5 Pyrite Musc-rich B1 Mean(4) 447476 35.8 332.7 212.9 1.4 16588.7
PD Max. 465000 90.3 1259.4 566.3 4.1 31439.2
Min. 431088 0.0 0.2 24.7 0.5 521.3
PDD111 251 Pyrite Meta-igneous B Mean(2) 465000 26.4 153.8 759.9 212.9 2876.3
PD Max. 465000 48.7 292.4 1502.7 347.5 5750.7
Min. 465000 4.1 15.2 17.1 78.3 2.0
PDD111 251 Chalcopyrite Meta-igneous B Mean(9) 293187 229.3 51.6 354017 213.0 47.3
PD Max. 300000 1145.8 308.8 387986 446.8 92.5
Min. 265505 0.0 0.0 268522 31.8 2.0
PDD204 203.5 Sphalerite Musc-rich B2 Mean(15) 13629 6.7 0.1 119.8 622903 2.8
(yellow) PD Max. 16664 9.7 0.2 557.3 626876 10.6
Min. 10646 2.1 0.0 14.1 619135 0.5
PDD111 207.8 Sphalerite Musc-rich B Mean(10) 14833 20.7 0.1 168.8 622019 1.8
(yellow) PD Max. 21721 34.1 0.2 605.5 628034 8.0
Min. 9150 5.5 0.0 19.3 612789 0.3
PDD111 207.2 Sphalerite Musc-rich B Mean(10) 11579 7.8 0.1 148.3 625209 3.1
(yellow) PD Max. 13800 8.7 0.2 480.1 628185 10.1
Min. 9488 6.8 0.0 22.3 622230 0.8
PDD111 251 Sphalerite Meta-igneous B Mean(10) 27364 31.7 0.2 453.1 607149 3.3
(dark) PD Max. 31191 36.8 0.6 1495.9 618758 10.0
Min. 18074 26.1 0.0 13.3 601555 0.6
PDD111 251 Galena Meta-igneous B Mean(11) 85.7 0.1 0.0 743.4 36.2 0.3
PD Max. 189.6 0.3 0.0 3087.2 154.9 0.3
Min. 4.8 0.0 0.0 1.2 0.3 0.3
PDD111 207.2 Galena Musc-rich B Mean(11) 10.4 0.0 0.1 24.3 1.0 b.d
PD Max. 15.9 0.0 0.2 42.5 3.3
Min. 4.9 0.0 0.0 5.2 0.3
PDD405 129.6 Chalcocite Musc-rich B Average(3) b.d b.d b.d 798000 0.3 b.d
WP Max. 798000 0.4
Min. 798000 0.1
PDD405 129.6 Sphalerite Musc-rich B Mean(10) 23.8 15.9 0.1 52.7 640000 0.6
(light) WP Max. 71.5 21.2 0.1 169.6 640000 0.9
Min. 14.2 13.6 0.0 4.9 640000 0.4
PDD405 42.6 Sphalerite Musc-rich B Mean(13) 16318 13.4 0.3 867.2 620613 0.5
(yellow) WP Max. 27653 33.2 1.5 8266.7 628032 0.6
Min. 9825 5.2 0.1 2.9 608917 0.4
PDD405 129.6 Galena Musc-rich B Mean(6) 11.5 0.0 0.1 522.7 1.9 b.d
WP Max. 23.1 0.1 0.1 3111.3 3.6
Min. 3.5 0.0 0.0 1.4 0.6
Table 5.5 Trace elements in sulphide. B = brittle veins, S1 = with S1 fabric, PD = Prairie Downs Deposit, WP = Wolf Prospect, 
BIF = banded iron formation (continued across page spread)
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Se Ag Cd Sn Sb Te W Au Tl Pb Bi
79.9 0.3 0.1 b.d 5.4 2.2 0.0 0.1 0.0 43.5 7.8
183.5 0.6 0.1 21.0 3.7 0.0 0.1 0.1 193.6 16.6
20.6 0.1 0.0 0.5 0.1 0.0 0.0 0.0 0.9 1.2
64.3 0.2 0.1 0.1 1.9 0.2 0.0 0.0 0.3 2.4 0.1
127.5 1.0 0.1 0.1 6.2 0.3 0.0 0.1 1.2 8.9 0.8
6.5 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.1 0.0
19.9 104.0 0.2 0.6 497.7 0.3 0.9 0.4 26.5 788.0 1.2
23.4 202.2 0.3 1.2 688.1 0.3 2.2 0.4 35.3 1308.0 1.7
14.2 34.1 0.1 0.2 361.1 0.2 0.1 0.3 17.7 511.2 0.6
112.5 10.4 0.1 0.0 319.3 b.d b.d 0.3 1.3 1315.6 0.0
112.5 31.9 0.1 0.0 1012.7 1.1 2.8 3512.2 0.1
112.5 0.1 0.1 0.0 2.0 0.1 0.1 5.6 0.0
6.3 754.3 3.4 17.8 819.1 b.d b.d 250.7 3.7 3608.3 0.4
6.3 795.3 3.5 35.1 1604.5 499.5 7.3 4455.8 0.6
6.3 713.3 3.4 0.4 33.6 1.9 0.1 2760.9 0.3
43.1 185.9 2.9 52.6 189.6 b.d 0.7 0.2 6140.9 1.9
117.4 646.3 4.6 121.7 1616.4 2.5 0.7 30529.0 4.0
7.6 42.3 1.7 10.6 0.9 0.0 0.0 2.5 0.0
2.7 6.7 3005 1.5 23.8 0.4 0.0 0.0 3.7 0.0
3.6 11.1 3549 7.4 241.0 0.4 0.1 0.0 8.7 0.0
2.1 1.1 2209 0.1 0.2 0.3 0.0 0.0 0.4 0.0
3.5 15.5 2615 1.0 34.0 0.4 0.0 0.0 3.6 0.0
3.5 31.7 4333 4.1 220.4 0.5 0.1 0.1 9.9 0.0
3.5 7.9 2012 0.1 0.7 0.2 0.0 0.0 0.3 0.0
b.d 19.6 2864 0.4 46.6 0.3 0.0 0.0 8.3 b.d
53.4 4101 3.4 217.7 0.4 0.1 0.1 24.7
4.3 1986 0.0 3.8 0.3 0.0 0.0 1.0
b.d 22.9 3761 75.4 77.7 0.7 0.1 0.0 11.2 b.d
60.9 4945 303.4 499.0 0.7 0.5 0.0 70.3
4.7 2463 0.4 0.1 0.6 0.0 0.0 0.1
11.4 578.2 23.2 0.2 2000 b.d 0.0 2.7 860000 1.9
35.3 1486.6 34.9 0.6 8503 0.1 2.9 860000 13.2
1.6 288.9 15.0 0.0 303 0.0 2.3 860000 0.0
2.5 281.2 9.9 0.1 396 0.2 0.0 3.1 860000 0.0
2.5 385.3 12.4 0.1 500 0.2 0.0 3.5 860000 0.1
2.5 174.2 5.2 0.0 251 0.2 0.0 2.8 860000 0.0
15.6 300.3 0.0 0.0 0.1 b.d 0.0 0.0 9.7 b.d
29.3 358.8 0.0 0.0 0.1 0.1 0.0 25.5
8.5 249.3 0.0 0.0 0.0 0.0 0.0 1.1
38.1 1.2 567.5 0.2 b.d 0.3 0.0 b.d 2.6 b.d
76.3 2.7 679.3 0.4 0.3 0.0 19.8
5.4 0.8 536.3 0.0 0.3 0.0 0.1
3.3 4.1 2435.5 13.4 3.0 0.2 0.0 0.0 2.3 b.d
3.7 22.4 3427.3 136.5 13.6 0.2 0.1 0.1 12.2
2.6 1.2 1794.3 0.1 0.1 0.2 0.0 0.0 0.0
4237.7 198.1 1.9 0.1 2.0 0.4 0.0 2.5 860000 7.6
11000.8 492.0 2.5 0.2 7.0 0.6 0.0 2.7 860000 14.0
66.7 99.0 1.3 0.1 0.2 0.3 0.0 2.3 860000 2.0
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Core Depth/m Mineral Host rock Event ppm Fe Co Ni Cu Zn As
PDD216 483 Pyrite BIF Sed. Mean(10) 465000 3.9 10.1 126.9 2.0 508.3
Max. 465000 15.5 31.1 307.1 8.9 1164.1
Min. 465000 0.6 1.4 12.3 0.3 55.8
PDD216 550.5 Pyrite BIF Sed. Mean(5) 465000 4.0 1.4 18.3 8.3 964.7
Max. 465000 16.3 2.5 33.1 20.6 3354.6
Min. 465000 0.4 0.3 6.5 2.4 29.9
PDD216 540 Pyrite BIF B Average(10) 465000 2.2 3.7 3.2 0.5 1.0
Max. 465000 9.7 16.8 8.0 0.7 1.4
Min. 465000 0.1 0.1 0.5 0.3 0.7
Table 5.5 continied
found that the relative proportions of these two elements depends on the fluid source (Loftus-Hills 
and Solomon 1967; Ryall 1977; Bralia et al. 1979). Pyrite at Prairie Main Load with S1 ankerite and 
following sedimentary layers both have similar trace element compositions of Co/Ni ratio > 1, pointing 
to hydrothermal-ore fluid (Figure 5.14a). Pyrite precipitated with quartz in brittle fabric has a Co/Ni 
ratio < 1 indicating a sedimentary source (Loftus-Hills and Solomon 1967; Ryall 1977; Bralia et al. 
1979). Furthermore, a negative correlation between As and Fe in pyrite in early brittle veins at Prairie 
Main Load (Figure 5.14b) points to oxidising and low-temperature environment. Other pyrite show 
no correlation pointing to As substitution for S in more reducing conditions (Deditius et al. 2008). In 
addition, Au correlates with Ag in pyrite at Prairie Main Load (Figure 5.14d) suggesting that gold is 
contained as electrum precipitated from a more reducing environment, higher pH (Reed and Palandri 
2006) or lower temperature (<200°C) (Deditius et al. 2014). 
The majority of pyrite in BIF rocks are trace element poor apart from As, Se, Au. Grains have a Co/
Ni ratio < 1 (Figure 5.14a) indicating a likely sedimentary source (Loftus-Hills and Solomon 1967; 
Ryall 1977; Bralia et al. 1979). However, the high Se content (up to ~4000 ppm) in vein-hosted pyrite 
indicates high H2Se/H2S ratio which is found in moderate temperature (300°C), Cu-rich, Zn-poor VHMS 
deposits that consist of magmatic components of more than 50% (Huston et al. 1995). Se-rich pyrite is 
precipitated from more oxidising, acidic fluids when galena is absent (Huston et al. 1995). In addition, 
high As and Au in stratiform pyrite along BIF layers also correlate (Figure 5.14c) indicating that gold is 
contained as sulphosalts precipitated from a similar oxidising, low pH fluid (Reed and Palandri 2006) 
and higher temperatures (>200°C) (Deditius et al. 2014). It is unclear whether As-Au-rich stratiform 
pyrite and Se-rich vein pyrite are related or formed syngenetically or epigenetically.
Hematite-quartz veins form prior to the main sulphide forming event at Wolf Prospect. Hematite has 
very high quantities of V, up to ~3 wt.% (Table 5.4). Vanadium is incompatible at high oxygen fugacities 
(Zulauf et al. 1999; Toplis and Corgne 2002; Nadoll et al. 2014; Rollinson 2014) indicating that V was 
transported in low fO2 fluids and deposited upon increase in fugacity to precipitate as V-rich hematite 
(Frost 1991; Boni et al. 2007). In addition, acicular or amorphous crystal textures in vein hematite 
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Se Ag Cd Sn Sb Te W Au Tl Pb Bi
78.1 1.7 0.0 0.1 70.7 0.1 0.0 2.9 41.2 0.8 0.0
151.8 9.3 0.0 0.1 194.9 0.1 0.0 6.6 128.8 3.5 0.0
34.3 0.0 0.0 0.0 5.6 0.1 0.0 0.2 2.9 0.1 0.0
80.2 2.1 0.1 0.1 31.7 1.5 0.1 0.2 3.6 29.7 0.2
153.7 3.9 0.1 0.1 51.4 1.5 0.1 0.7 8.8 69.1 0.3
39.8 0.8 0.0 0.1 5.7 1.5 0.0 0.0 0.2 6.0 0.0
1423.5 3.6 0.1 0.0 14.4 0.8 0.0 0.0 11.1 2.5 b.d
4016.9 23.5 0.1 0.0 38.2 2.3 0.0 0.0 20.7 12.8
24.0 0.1 0.1 0.0 3.3 0.1 0.0 0.0 3.6 0.1
(Figure 5.6l) suggests that growth was rapid, induced by high supersaturation levels (Li et al. 2007) 
which can be achieved with rapid cooling. Trace elements within hematite form two sets of correlating 
relationships (Figure 5.15) pointing to a lower temperature sedimentary source (Mn-Pb-U-Y) and a 
higher temperature magmatic source (Cr-Cu-Sn-Ti) (McQueen 2005). The composition of hematite at 
Wolf Prospect does not consistently fit within a classification group proposed by (Nadoll et al. 2014), 
yet the high concentrations of Ti and V plot with Ti-V and igneous and hydrothermal porphyry deposits 
(Figure 5.16) at around 300-500°C (Dupuis and Beaudoin 2011; Nadoll et al. 2014). It is possible that 
a high temperature igneous fluid source of Ti-V-Sn-Cu-Cr has mixed with an oxidising fluid such as 
seawater. Mixing of sea water provides important ligands (Cl-, SO4
2-) that can transport Zn, Cu and Pb 
(Barnes 1979) in the absence of significant sulphur.
5.6.2 Host rock alteration reflected in chlorite and carbonate trace elements
The mineralogy of the Fortescue Group rocks to the north-east of the Prairie Downs Fault is different to 
the regionally metamorphosed and metasomatised mafic rocks found elsewhere in the Hamersley Basin, 
suggesting that mineralising fluids have superimposed alteration onto previous metasomatic assemblages 
(White et al. 2016). The mineral assemblages in chlorite- and muscovite-rich rocks are consistent with 
chloritic-propylitic and phyllic-sericitic alteration, respectively. Both types of alteration occur at low to 
medium temperatures (200-350°C) and relatively acidic fluids, common around volcanogenic deposits 
(Barnes 1979; Taylor and Fryer 1980; Ohmoto 1996; Large et al. 2001; Robb 2005; Beaudoin et al. 
2014; Hawke et al. 2015). Zn-rich biotite is also common in sericitic assemblages at Wolf Prospect 
pointing to a more proximal distance to high temperature intrusions (Hedenquist and Lowenstern 1994). 
The difference in assemblage at Prairie Downs is linked to the difference in precursor assemblage, 
demonstrated by White et al. (2016), who showed that muscovite-rich rocks can be achieved by Ca-
depletion of ‘most-altered’ Fe-Mg-depleted regionally-metasomatised rock,  whereas chlorite-rich 
rocks can be formed by Ca-depletion of ‘least-altered’ regionally-metasomatised rock (Figure 5.17). 
Some suggest that the Fe/Mg ratio of chlorite is primarily controlled by bulk-rock composition (Zane 
et al. 1998; Vidal et al. 2016) signifying that Mg-chlorites may be formed from an Mg-rich protolith or 
alteration assemblage. The Pyradie Formation, consisting of ultramafic komatiites, is traced down to the 
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Prairie Downs Fault (Figure 5.1), appearing to connect with the fault around the vicinity of Prairie Main 
Load, and may be providing an extra mafic input or even be the precursor lithology. 
Trace elements in chlorite-rich samples show relative enrichment in Zn, Cu, Co, Sb, Ba and Pb at Wolf 
Prospect whereas samples at Prairie Main Load are enriched in P, K, Ca, Ti, Cr, Rb, Y and  Zr (Figure 
5.8a). Chlorites in muscovite-rich samples show similar enrichment in Zn, Cu, Co and Ba at Wolf 
Prospect, as well as Cr, Ni and As, whereas chlorites at Prairie Main Load have higher concentrations 
of Ca, Y and Zr (Figure 5.8b). Chlorite will incorporate the trace elements of minerals it is replacing 
providing they fit within its structure (Muecke et al. 1979; Brewer and Atkin 1989) indicating that 
Figure 5.11 Spider diagrams showing 
trace element profiles in a) pyrite, 
b) chalcopyrite and chalcocite, c) 
sphalerite and d) galena.
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some differences in trace element content is due to the previous mineral assemblage. Potassium and 
Rb are mobile elements, more commonly found in felsic igneous rocks and sediments (McQueen 2005; 
Zhang et al. 2016) whereas Y and Zr are usually considered immobile (Lesher et al. 1986; Jenner 1996) 
and may have been retained from the protolith minerals at Prairie Main Load. Granite derived Sn and 
other porphyry deposits contain high K, Rb, Zr and Y (Pearce and Gale 1977) and are also a source 
of fluids and volatiles in magmatic deposits (Hedenquist and Lowenstern 1994). Manganese, Zn and 
Pb, enriched in magmatic brines, precipitate during cooling and dilution with meteoric water (Hemley 
and Hunt 1992; Wilkinson et al. 2015). The difference in trace element assemblage between muscovite 
and chlorite dominated host rock may be highlighting the difference in composition between felsic and 
Figure 5.12 Sphalerite trace element correlations of a) Zn and Fe, b) Zn and Cd, c) temperature calculated using Wen et al. 
(2016) and Cd and d) temperature and Sn.
Figure 5.13 Classification diagram 
for Zn-hosting base-metal deposits 
using trace element ratios Co/Ni and 
Cd/Fe in sphalerite from Ye et al. 
(2011).
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mafic host rocks.
Rare earth element profiles differ between 
deposits with flat profiles at Prairie Main Load 
and prominent LREE depletion at Wolf Prospect 
(Figure 5.8a,b). Chlorites and whole rock samples 
of metabasite in greenschist facies rocks have been 
recorded with flat averaged REE profiles (Grauch 
1989) demonstrated by chlorites at Prairie Main 
Load (Figure 5.8a,b). Lesher et al. (1986) describes 
felsic rocks with gentle REE and moderate Y and 
Zr associated with mafic dominated sequences and 
base-metal sulphide mineralisation. Volcanic hosted 
massive sulphide (VHMS) -hosting volcanic rocks 
are also recorded showing flat REE profiles (Hollis 
et al. 2015). LREE depletion and trace element-rich 
growth of chlorite at Wolf Prospect has not affected 
Prairie Main Load. Host rock alteration to muscovite 
with increasing pH may have contributed to LREE 
depletion, by mobilising or precipitating REE-
containing phases such as carbonate or accessory 
minerals. 
Ankerite following the S1 fabric in both types of 
rock at Prairie Main Load show similar trace element 
profiles except for some enrichment of Sr and Y 
in chlorite-rich rocks and K and Ti in muscovite-
rich rocks (Figure 5.8c). Ankerite in both is LREE 
enriched with a negative Eu anomaly (Figure 
5.8c). LREE enrichment points to complexation 
processes involving increased SO4
2-, CO2 or PO4
2-
, or by sorption processes in high temperature 
and acidic environments (Bau and Möller 1992). 
Negative Eu anomalies either indicate low fO2 and 
reductive fluid (Bau 1991) or alteration of feldspar 
(Sverjensky 1984). Relic pseudomorphic bladed 
feldspar crystals in muscovite-rich rocks point 
Figure 5.14 Element correlations in pyrite grains. a) Co/Ni and 
Au/Ag; Co/Ni<2 and Ag/Au<1 indicate sedimentary pyrite 
(Gregory et al. 2015), b) Fe and As, c) Au and As, d) Au and 
Ag.
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Figure 5.15 Element correlation graphs in hematite at Wolf Prospect. Mn is correlation with a) Pb, c) Y, e) U and Cr is 
correlated with b) Cu, d) Sn, f) Ti.
Figure 5.16 Classification diagram for fingerprinting ore deposit type using trace elements Al+Mn and Ti+V in hematite from 
Nadoll et al. (2014). 
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to the alteration of feldspar mobilising Eu signifying that carbonate precipitation is associated with 
sericitic alteration. Y/Ho ratios in carbonate can be used to indicate fluid source, hydrothermal alteration 
and fluid conditions due to the dependence of REE complexation on fluid-rock interactions, pH, redox 
and fugacity (Bau 1991, 1996; Rolland et al. 2003; Uysal et al. 2007). Carbonates in both muscovite- 
and chlorite-rich host rocks at Prairie Main Load and Wolf Prospect exhibit a wide range of Y/Ho and, 
when plotted against Y (Figure 5.18), cross the magmatic, hydrothermal and marine sedimentary range 
defined by Bau (1996). Carbonate in BIF rocks, however, plot predominantly as sedimentary-marine. 
The ratios indicate that fluids precipitating carbonate along the Prairie Downs Fault were hydrothermal 
from several possible sources whereas fluid through BIF rocks was likely hydrothermal and marine-
sedimentary. 
Banded iron formations are formed of iron-rich minerals including iron oxides, Fe-carbonates as well as 
chert and are almost always altered by diagenetic, metamorphic or hydrothermal processes (Klein 2005). 
BIFs show evidence of alteration by their fine crystalline texture, pyrite precipitation along bedding and 
enrichment in Mn and Zn (Table 5.1). Common minerals found in low grade metamorphic assemblages 
of BIF rocks include greenalite, stilpnomelane, minnesotaite, carbonate and amphibole which form as 
very fine mattes of sheaves and needles or microcrystalline, almost amorphous masses similar to that 
seen at Prairie Downs. Pyrite forming along sedimentary layers and Fe-rich chlorite is also reported in 
these metamorphosed BIFs (Klein 2005), both of which can be found at Prairie Downs along with minor 
sphalerite, chalcopyrite and other minor metal sulphides and silicates (Figure 5.7g). The proximity to 
several mafic intrusions points to heating of adjacent BIF rocks and potential metal enrichment from 
derived fluids. Despite this, it is unclear whether BIF rocks have been enriched with Zn, S and Mn 
Figure 5.17 ACF compatibility diagrams from White et al. 2014 with semi-quantitative whole-rock abundances of chlorite-
rich and muscovite-rich rocks from TIMA analysis showing that altered rocks at Prairie Downs are derived from overprinting 
alteration of background altered Fortescue group rocks.
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during sedimentation-diagenesis or later metamorphic hydrothermal events, or how As-Au stratiform 
pyrite and Se-rich vein pyrite are related. Despite this, numerous workers have demonstrated the link 
between Au deposits and BIF (Phillips et al. 1984; Steadman et al. 2014) pointing to the economic 
potential of the BIFs distal to the Prairie Downs Fault.
  
5.6.3 Ore fluid reflected in chlorite and carbonate vein trace elements
A comparison of chlorite precipitating in veins through muscovite-rich rocks in each deposit highlights 
trends of trace element enrichment, characteristic of each deposit. At Prairie Main Load, chlorite is 
enriched in Li, S, As, Rb and Sb whereas chlorite at Wolf Prospect is enriched in Zn, P, Ca, V, Mn, Cr, 
Co, Ni, Zn, In and REE (Figure 5.9a). Lithium, As, S, Rb and Sb are common elements associated with 
felsic magmatism (McQueen 2005; Zhang et al. 2016) and crustal interaction (Wilkinson 2010) but high 
concentrations of As, S and Rb, in particular, can also be hosted in sediments such as black shales (Large 
et al. 2011) or in brine pools created on the sea floor (Tornos et al. 2015). The enrichment points to an 
increase in sulphur-ligands available for complexation (Reed and Palandri 2006) which may also have 
been responsible for sulphide precipitation. Zinc, Mn and V enriched chlorite have also been discovered 
proximal to porphyry deposits (Wilkinson et al. 2015) indicating that chlorite can be easily enriched in 
these elements during ore-fluid alteration. Vein chlorite at Wolf Prospect is enriched in Co-Ni-Zn similar 
to host rock chlorite, and P-Ca-V-Mn-REE which shares similarities with chlorite veins in BIF rocks are 
Prairie Downs, and other sedimentary BIF deposits (Fe-Mg-Al-Ca-Mn-P) (McQueen 2005). 
Vein ankerite at Prairie Main Load is enriched in Al, P, K, Ti, Ni, Ga, Ge, Sr, Y and REE whereas, at 
Wolf Prospect, vein ankerite is enriched in V, Mn, Co, Zn, Mo, In and Pb (Figure 5.9b), reflecting the 
host rock enrichments in each deposit. Ankerite in veins at Prairie Main Load is LREE enriched, as 
Figure 5.18 Rare earth element ratio diagram comparing Y to Y/Ho in brittle and ductile carbonates in all three deposits.
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in host rock ankerite, but without an Eu anomaly, indicating increased SO4
2-, CO2 or PO4
2- at lower 
temperatures (Bau and Möller 1992). REE in ankerite is MREE enriched with high Eu, mirrored by 
vein chlorite at similar concentrations. This may indicate high temperature hydrothermal alterations of 
sericitisation of feldspars (Sverjensky 1984).
Calcite veins at Prairie Main Load and in banded iron formation are very similar in trace element 
concentration. REE in BIF calcite veins, with pyrite, have a wide range of concentrations but show an 
overall LREE enrichment and a pronounced, positive Eu and Y anomaly (Figure 5.9c). The combination 
of these two anomalies indicates mixing between high temperature, probably slightly acidic and reducing 
hydrothermal fluids mixed with more oxidising, more alkaline seawater (Wood 1990; Bau and Möller 
1992; Bau and Dulski 1996; Bolhar et al. 2004). 
5.6.4 Model of ore deposition
Study of the alteration types, secondary mineral assemblages and trace elements in sulphides and 
non-sulphides has highlighted several components of ore formation at Prairie Downs. All deposits are 
spatially associated with mafic intrusions, volcanogenic rocks and all show a structural association 
between sulphide precipitation and brittle deformation. 
Host rocks at Prairie Main Load have been altered by ore fluids to produce chlorite and muscovite-
rich assemblages and deformed in a ductile shear zone to produce mylonitic fabrics which have been 
overprinted by several later episodes of brittle deformation. Host rock alteration occurs at temperatures 
around 200-300°C (Figure 5.19ai) (Hemley and Jones 1964; Taylor and Fryer 1980). An early stage of 
Au-Sn-rich dark brown sphalerite-galena-chalcopyrite precipitated from high temperature (>250°C) by 
reduction, acidification, temperature drop or fluid mixing between magmatic and non-magmatic sources 
(Figure 5.19aii). Later Zn-Pb mineralisation formed from slightly lower temperatures with lower trace 
element concentrations (Figure 5.19aii). 
Zn-rich chlorites in the volcanic host rock at Wolf Prospect are enriched in Cu-Co-Ba ± Sb-Pb-Cr-Ni-As 
precipitated from an acidic, low fS2, high fO2 fluid to produce a muscovite-biotite dominated assemblage 
(Figure 5.19bi).  There are many deposits that exhibit non-sulphide Zn mineralisation (Hitzman et 
al. 2003; Babinski et al. 2005) including supergene deposits where pre-existing Zn-sulphides are 
oxidised and acidified (Choulet et al. 2014). Hypogene deposits are structurally controlled and form 
quartz, iron oxide and carbonate veins from low-moderate temperature (>150°C), acidic, saline, low 
fO2 and high fS fluids (Brugger et al. 2003; Hitzman et al. 2003). Furthermore, vanadium ores are 
commonly associated with other base-metal mineralisation in non-sulphide deposits or mafic bodies 
(Boni et al. 2007). Vanadium rich hematite veins at Prairie Down occur prior to sulphide precipitation 
in oxidising conditions, indicating it may be genetically related to the early non-sulphide Zn-chlorite 
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mineralisation (Figure 5.19bi). Selenium-rich sphalerite-galena-barite-bornite precipitates at lower 
temperatures (<230°C), also in an oxidising, acidic environment (Figure 5.19bii). Alteration of bornite 
to chalcocite reflects the increasing oxidation and S-content over the evolution of brittle deformation and 
mineralisation. Increasing sulphur content may reflect seawater sulphate reduced by reaction with host 
rock components during alteration (Ohmoto 1996). Within the depositional and tectonic environment, a 
likely source of oxidising fluids is sea water which may also have provided Cl- to mobilise and transport 
high concentrations of Zn without the need for sulphur species (Mei et al. 2015). Trace elements in 
hematite, sulphides and chlorite also point to a mafic source of metals.
Zinc- and Mn-rich BIF host rock, distal to the Prairie Downs Fault is intruded by dolerite intrusions. 
Gold-As-Sb- and Se-rich pyrite points to a mix of sedimentary/seawater fluids and high temperature 
igneous input, respectively, as well as oxidising conditions (Figure 5.19c). Trace element similarities 
between Wolf prospect and BIF indicate a potential genetic link, or similar involvement with sea water, 
igneous intrusions and oxidising condition. 
The three deposits most likely represent a continuum of formation type between shear zone-hosted, 
volcanogenic-volcanic hosted and intrusion related, in a complex overprinting fluid system that has 
evolved with regional tectonic and basin forming events. The change in orientation along the fault 
and its oblique strike to the regional fault trend could indicate the Prairie Downs has formed within a 
fault job or relay. In this system, deformation styles may produce extensional structures and deposition 
of localised sediments such as the Prairie Downs Group. Large volumes of fluid may influx the fault 
causing the brecciation and veining seen at Prairie Downs. The siting and styles of Zn-rich mineralisation 
along the Prairie Downs Fault do not exhibit that characteristics of classic VHMS deposits but still 
indicate similar volcanic, sediment and seawater components (Large et al. 2001; Tornos et al. 2015). 
Fluids derived from alteration of the Fortescue Group, banded iron formation and sediment have been 
mobilised into the fault zone which has provided the dominant conduit for fluid migration and mixing. 
5.6.5 The use of chlorites and carbonates in the detection of base-metal mineralisation, and future 
work
Chlorite and carbonate minerals are ubiquitous throughout sedimentary, meta-sedimentary 
and meta-igneous rocks, as primary and secondary minerals, as well as vein fill. Both 
minerals can incorporate a wide range of trace elements including base metals and 
REE, the latter of which can be very useful in deciphering fluid composition and chemistry during 
mineralisation. With low fluid/rock ratios, under greenschist facies metamorphism and metasomatism, 
secondary chlorite at Prairie Main Load retains immobile elements and elements from precursor 
minerals. Vein chlorite is enriched in Li, S, As, Rb, Sb reflecting later sulphide mineralisation in quartz 
veins. However, chlorite and carbonate at Wolf Prospect are enriched in Zn, Cu, Co, Ba, V and Mn 
175
 Chapter 5 Trace element reconnaissance, Prairie Downs
reflecting V-rich hematite, sulphide precipitation, and more oxidised conditions. Even distal to the fault 
zone, vein chlorite and carbonate in BIF rocks contain similar trace element enrichments of V and 
Mn. Chlorite Zn and Mn content has also been used by Wilkinson et al. (2015) as a chemical footprint 
around porphyry ore deposits extending to at least 4.5 km, further than whole rock footprints. White et 
al. (2016) determined a halo of elevated Zn and Mn in whole rock data up to ~5 km away from Prairie 
Downs Fault zone suggesting that chlorite may retain the chemical signature even further. 
Problems with unravelling the ore genesis may arise if the relative timing of chlorite and carbonate 
veins and ore mineralisation is unclear. However, it seems that their trace element enrichments can still 
be used to indicate the presence of ore, the type of ore and the possible source of metals and fluids. 
Future work should include building a database of chlorite compositions at ore deposits and analysing 
chlorite at increasing distance from ore deposition to detect the extent of trace elements signatures. 
Stable isotopic analysis and geochronological data is needed to constrain ore formation at Prairie Downs.
5.7 Conclusion
Sulphide mineralisation forms along the NE-SW trending Prairie Downs fault separating Fortescue 
Volcanics to the north-west and Proterozoic sediments to the south-east. Sulphide and hematite trace 
elements have been used effectively to show a range of temperatures, fluid sources and chemical 
conditions at each deposit. Compositions indicate that Prairie Main Load formed in moderate temperature 
(>250°), reducing, neutral to moderately acidic environment producing Au-Sb-Sn enrichment, whereas 
Wolf Prospect formed in a lower temperature, more oxidising environment enriched in Zn, Mn, V and 
Se. Banded iron formation, distal to the fault-hosted mineralisation, demonstrates similar enrichment 
in Mn, V, Zn, Cu, Se, As and Au indicating in may be genetically linked to the fault-zone deposits. All 
three deposits show indication of magmatic/volcanic fluid sources and seawater/sedimentary fluid. The 
composition of alteration and vein chlorite and carbonate reflect ore metals and fluid chemistry and 
warrant further investigation as potential indicator minerals.  
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High-strain deformation and high-temperature metamorphism in the Chalba Shear Zone, 
Capricorn Orogen, Western Australia
Abstract
The Chalba Shear Zone is a lithospheric-scale bounding structure between metamorphic zones in the 
Gascoyne Province, WA. Detailed structural, metamorphic and petrochronological analysis is required 
to constrain the evolution of the shear zone and localisation of heat, deformation and potentially, 
mineralisation. Simultaneously collected U-Pb ages and trace element compositions of monazite and 
xenotime are compared to P-T estimates using bulk-rock composition of the sillimanite-bearing metapelite 
samples. Structural observation indicate progressive high strain deformation forming dominant dextral, 
strike-slip movement along a west-northwest to east-northeast ductile shear zone. Prismatic sillimanite 
pseudomorphs on andalusite indicate an increase in temperature to >640°C (3-4 kbars) followed by 
fibrolite at ~600-640°C, then later retrogression of biotite and breakdown to ilmenite to temperatures 
below ~530°C. Metamorphic monazite and xenotime predate main deformation and trace element 
indicate that they grew with the sillimanite assemblage. Overall ages of 1030 Ma and 920 Ma link 
high temperature metamorphism to the 1030-950 Ma Edmundian Orogeny. The high temperature, low 
pressure sillimanite assemblages in this study have not been described in the surrounding metamorphosed 
host rocks indicating that the shear zone has localised heat and deformation. Localisation into large-
scale structures like the Chalba Shear Zone has implications for the formation of high temperature 
magmatic deposits such as Cu-Au, Mo-W and gemstones and remobilisation of earlier deposits. 
6.1 Introduction
Shear zones are conduits for mantle, metamorphic and magmatic fluids that may be enriched with 
economically important metals (Dipple and Ferry 1992; Kolb et al. 2004; N’diaye et al. 2016; Siler 
and Kennedy 2016). The Chalba Shear Zone and the surrounding terranes (figure 6.1) have been 
identified by as prospective zones for mineralisation by recent studies (Aitken 2014; Joly et al. 2015). 
The lithospheric scale structure juxtapose different rock types, has a history of reworking, and may 
provide a conduit for mantle fluids (Bodorkos and Wingate 2007; Sheppard et al. 2007; Sheppard et 
al. 2010a). Furthermore, occurrences of Mo-W, U and precious gems along the Chalba Shear Zone 
(Figure 6.2) also indicate the mineralising potential of the structure. Detailed structural, metamorphic 
and petrochronological analysis is required to constrain the evolution of the shear zone and localisation 
of heat and deformation. 
Structural and kinematic analysis in a shear zone can be constrained by absolute dating techniques, the 
most widely applied being U-Pb dating of common accessory minerals such as monazite, xenotime 
and rutile (Hawkins and Bowring 1997; Williams et al. 2007; Engi 2017; Zack and Kooijman 2017). 
Monazite and xenotime are stable over a range of metamorphic and magmatic conditions with closure 
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temperatures ranging from <500°C to above 900°C, depending on system composition (Coperland et 
al. 1988; Parrish 1990; Engi 2017). The composition of metamorphic monazite and xenotime, can be 
used to infer the metamorphic grade and estimate the temperature of mineral growth since changes in 
pressure and temperature promote the breakdown and growth of other major P, Y and REE bearing 
minerals (Andrehs and Heinrich 1998; Spear and Pyle 2002; Baxter et al. 2017; Engi 2017). Several 
authors have also invoked a temperature dependence of Y and certain REE in monazite, monazite-
xenotime pairs and monazite-garnet pairs for use in thermometry (Gratz and Heinrich 1997; Gratz 
and Heinrich 1998; Pyle et al. 2001; Spear and Pyle 2002). Rutile is also stable over a wide range 
of temperatures (>500°C) and pressures (up to and greater than 20 kbar) and has been used to date 
cooling ages associated with metamorphic and igneous events (Dachille et al. 1968; Mezger et al. 
1989; Kooijman et al. 2010; Zack et al. 2011; Zack and Kooijman 2017). Zirconium concentrations in 
rutile have been found to be temperature dependent when buffered in the presence of zircon and quartz 
(Zack et al. 2004; Watson et al. 2006; Tomkins et al. 2007), thus Zr-in-rutile thermometer is often used 
to estimate the temperature of crystal growth. Rutile has also been used as an indicator mineral for ore 
deposits with enrichments in trace metals such as Cr, Ti, Sn, V, Sb and W shown to indicate proximity 
to precious metal deposits (Rice et al. 1998; Clark and Williams-Jones 2004; Scott and Radford 2007).
In this study, detailed structural mapping and microstructural observations of representative areas within 
the Chalba Shear Zone will provide a relative temporal and kinematic framework in which metamorphic 
compositional assemblages and age constrains can be assessed. Simultaneous in situ analysis of U-Pb 
ages and REE-Y trace elements in monazite and xenotime, and Zr in rutile allow temperature estimates 
Figure 6.1 Tectonic zones of the Gascoyne Province showing the extent of the close up of the Chalba Shear Zone in Figure 
2. Insert a) showing the location of the Gascoyne Province relative to the Capricorn Orogen. Modified from Sheppard et al. 
(2010).
188
 Chapter 6 The Chalba Shear Zone
to be directly linked to pseudosection P-T estimates and mineral assemblages. The P-T-t-x conditions 
of the Chalba Shear Zone can be correlated to regional tectonics affecting the Capricorn Orogen and 
related mineralisation.
6.2 Regional geological background
The Gascoyne Province has formed through a long history of tectonic activity. It begins with the 2215-
2145 Ma Ophthalmian Orogeny (Sheppard et al. 2010b; Johnson et al. 2011a), interpreted to represent 
the collision between the Pilbara Craton to the north and the allochthonous Glenburgh Terrane, although 
a magmatic arc at the continent margins is yet to be identified (Johnson et al. 2017). The Glenburgh 
Terrane is the basement to the Gascoyne Province, the oldest component of which is the 2555-2430 
Ma granitic Halfway Gneiss consisting of folded and refolded, cm-scale migmatitic banding (Johnson 
et al. 2010; Johnson et al. 2011a). The 2005-1950 Ma Glenburgh Orogeny marks the assembly of the 
Western Australian Craton during the collision of the combined Pilbara-Glenburgh Terrane and the 
Figure 6.2 Regional view of the Chalba Shear Zone showing ore occurrences. Redrawn from GSWA’s GeoVIEW GIS database.
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Yilgarn Craton, which formed a continental margin arc and the Dalgaringa Supersuite (Sheppard et al. 
2004; Johnson et al. 2011a; Johnson et al. 2017). 
Following the assembly of the West Australian Craton, several intracontinental orogenies and tectonic 
events deformed, intruded and metamorphosed the Gascoyne Province into a series of tectonic zones 
juxtaposed by lithospheric-scale structures (Figure 6.1). The 1820-1770 Ma Capricorn Orogeny is 
characterised by compressional and strike-slip deformation, low to medium metamorphic grades and 
voluminous, felsic magmatic stocks and plutons including the 1820-1775 Ma Moorarie Supersuite 
that intruded across the Gascoyne Province (Sheppard et al. 2005; Sheppard et al. 2010a). The next 
major tectono-thermal event was the 1680-1620 Ma Mangaroon Orogeny, commonly characterized 
by extensional faulting, folding and metamorphism in the Mangaroon Zone. Granitic magmatism of 
the 1680-1620 Ma Durlacher Supersuite and intrusion of the 1670-1650 Ma Davey Well Batholith in 
the Mutherbukin Zone accompanied deformation and metamorphism (Sheppard et al. 2005; Johnson 
et al. 2013). Subsequently, the 1321-1171 Ma Mutherbukin Tectonic Event affected the Mutherbukin 
Zone, between the Chalba Shear Zone and the Ti Tree Shear Zone, resulting in amphibolite facies 
metamorphism and deformation (Johnson et al. 2011b; Korhonen et al. 2015; Johnson et al. 2016). 
The Mutherbukin Zone was later affected by the 1030-955 Ma Edmundian Orogeny, which resulted in 
reworking, deformation and metamorphism and post-dated by the intrusion of leucocratic granites and 
pegmatites of the 1030-925 Ma Thirty Three Supersuite (Sheppard et al. 2010b; Johnson et al. 2013; 
Thorne et al. 2016; Piechocka et al. 2017). Fault reactivation during the 570 Ma Mulka Tectonic Event 
produced a series of anastomosing faults and shear zones across the Gascoyne Province and overlying 
sedimentary basins (Bodorkos and Wingate 2007; Sheppard et al. 2010a).
6.2.1 Structure, metamorphism and current temporal constraints of the Chalba Shear Zone and 
surrounding rocks 
Figure 6.3 Cross-section N-S through the southern Gascoyne 
Province. Redrawn from the M-T survey cross-section from 
Johnson et al. (2011).
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The Chalba Shear Zone (Figure 6.2) is a crustal-scale structure that cross-cuts the Gascoyne Province 
separating the 1840-1260 Ma northern Gascoyne from the 2005-1970 Ma southern Gascoyne Province 
(Bodorkos and Wingate 2007). The shear zone is 5-10 km wide brittle-ductile zone that primarily 
records dextral strike-slip movement along a high density of faults, implying a regional displacement of 
~35 km (Sheppard et al. 2010a). It contains several lithological units that extend across various tectonic 
zones in the Gascoyne Province (Figure 6.1), including the Leake Spring Metamorphics, the Pooranoo 
Metamorphics, Halfway Gneiss, Moorarie Supersuite and the Davey Well Granite (Figure 6.2). A 
magneto-telluric (MT) survey (Johnson et al. 2011c) has highlighted the crustal scale architecture of 
the Capricorn Orogen (Figure 6.3). Interpretations suggests that the Chalba Shear Zone, separating 
the Mooloo and  Mutherbukin Zones, and the similarly orientated Ti Tree Shear Zone, separating 
Mutherbukin and Limejuice Zones, are all deep, potentially mantle-tapping structures that may be 
overprinting much older structures (Sheppard et al. 2010b; Johnson et al. 2013; Joly et al. 2015). 
The fabrics and metamorphic assemblages in the Chalba Shear Zone were previously interpreted to 
be related to the Paleoproterozoic Capricorn Orogeny or to the Paleoproterozoic Mangaroon Orogeny 
(Sheppard et al. 2007). Initial deformation and metamorphism (D1n/M1n) in the Capricorn Orogeny (Figure 
6.4) formed easterly-trending pervasive foliation and upright, open to close, shallow to moderately 
Figure 6.4 Space-time plot showing rock 
types and tectonic events affecting the 
Chalba Shear Zone and surrounding zones. 
Modified from Sheppard et al. (2010).
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plunging folds across the Glenburgh Terrane (Sheppard et al. 2010a). Greenschist-facies metamorphism 
of granitic and psammitic rocks produced quartzofeldspathic schists, chloritoid-bearing schists, and 
meta-calc-silicate gneisses. The second tectonic fabric and metamorphic overprint (D2n/M2n) produced 
a strong foliation and gneissic layering within the schists of the Leake Springs Metamorphics in the 
Limejuice Zone (Fig. 1) and muscovite-biotite-quartz-andalusite ± cordierite metamorphic assemblages 
(Sheppard et al. 2010a). The third event in the Capricorn Orogeny (D3n/M3n) is only recognised in the 
Limejuice zone as upright, close to tight, folded gneissic fabric and foliation in the Leake Springs 
Metamorphics, as well as axial planar schistosity and crenulation associated with muscovite-chlorite-
quartz-magnetite and quartz-muscovite-chlorite assemblages (Sheppard et al. 2010a). 
The Mangaroon Orogeny (D1m/M1m) produced extensive gneissic foliation (S1m) and refolded folds (F1m) 
in Pooranoo Metamorphics, in the Mangaroon Zone (Sheppard et al. 2005; Sheppard et al. 2010b). 
M1m assemblages include biotite-muscovite-quartz-plagioclase-sillimanite, quartz-biotite-cordierite-
plagioclase-muscovite-sillimanite and plagioclase-biotite-quartz-sillimanite-muscovite-cordierite and 
migmatite in some areas, consistent with upper amphibolite facies (Sheppard et al. 2010). A second 
event (D2m/M2m) formed a dominant fabric, cross-cutting S1m foliation, defined by crenulation cleavage 
(S2m) parallel to tight-close, upright folds (F2m) plunging moderately to steeply to the east or west within 
E-SE striking foliation. Retrogression of M1m assemblages to sericite-chlorite-quartz-plagioclase-biotite 
accompanied D2m (Sheppard et al. 2005; Sheppard et al. 2010b).
More recent work suggests shear fabrics, metamorphism and pervasive foliation in the Gascoyne 
Province represent the 1030-955 Ma Edmundian Orogeny. The three main events of the Edmundian 
Orogeny, D1e, D2e and D3e, are recognised in the Gascoyne Province, predominantly in the Mutherbukin 
Zone (Sheppard et al. 2007; Sheppard et al. 2010b; Thorne et al. 2016). D1e preserves garnet and 
staurolite porphyroblasts in metapelite units, whereas D2e is associated with strong foliation fabrics 
and greenschist-amphibolite facies metamorphism (Sheppard et al. 2010b). Sensitive high-resolution 
ion micro-probe (SHRIMP) U–Pb dating of monazite and xenotime aligned within the D2e fabric in the 
Mutherbukin Zone indicates that regional metamorphism and deformation occurred between 1030 Ma 
and 990 Ma (Sheppard et al. 2007). The D3e event overprinted the M2e assemblages under greenschist-
facies conditions and produced east to south-easterly trending upright folds (F3e) and crenulation 
schistosity parallel to the axial surfaces, and mineral lineations that plunge shallowly to moderately to 
the east or west (Sheppard et al. 2010b). 
The Chalba Shear Zone offsets the 755 Ma Mundine Well dykes and Ar-Ar dating of mica within 
S-fabrics records a younger age of 570 Ma (Bodorkos and Wingate 2007; Sheppard et al. 2010a), 
indicating that the shear zone has been reactivated ~500 My after deformation in the Edmundian 
Orogeny. Other Mulka-aged movement has occurred along the Deadman Fault and the Ti Tree Shear 
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Zone (Sheppard et al. 2010a; Piechocka et al. 2017) demonstrating the regional scale effect of the late 
reactivation events. 
6.3 Geological and structural observation in the Chalba Shear Zone 
6.3.1 Area 1
Area 1 is located within the centre-east of the shear zone at 0402300E 7250600N (GDA94 Zone 50; 
Figures 6.2 and 6.5). Four main lithological units are present within the area including meta-calc-silicate, 
leucocratic muscovite gneiss, meta-tonalitic garnet gneiss and garnet gneiss (Figure 6.5). Calc-silicates 
grade northwards into biotite and muscovite schists and can be split into two subunits: Interbedded calc-
silicate pelitic schist and calc-silicate gneiss. Compositional layering, alternating between amphibole-
rich and quartz-plagioclase-calcite-rich units, is parallel to pervasive fabric in the area. Garnet gneiss 
grades northwards into calc-silicates and can also be split into two sub-units: garnet-magnetite gneiss 
and sillimanite-garnet gneiss. Sillimanite-garnet gneiss shows distinct segregation into mesocratic 
biotite-rich and leucocratic feldspar-quartz layers containing much of the garnet. Sillimanite is in the 
fibrolite form, and garnets within all the metapelite rocks are being replaced by biotite.  Also within 
the area and in the geology surrounding it, are thin strips of black amphibolite with variably random or 
oriented elongate amphibole. When oriented, amphiboles are in the direction of overall foliation NW-
SE. Furthermore, thin dolerite intrusions also follow the foliation trend as do quartz ridges, from meter-
scale to tens of meters, and lenses of leucocratic muscovite gneiss. Mineral assemblages in pelitic units 
indicate high grade metamorphism within the amphibolite facies but chloritic and sericitic alteration, 
particularly in meta-granitoids, points to retrograde metamorphism within the greenschist facies.
Deformation in Area 1 is dominated by a near vertical ESE-WNW penetrative foliation (S2) (Figure 6.5; 
Figure 6.6a). Quartz and feldspar clasts within granitoid rocks are elongate and sheared on the plane of 
S2. Penetrative foliation (S2) and interbedded quartz layers are folded in isoclinal, southeast-plunging 
folds of F3 (Figure 6.6a,b). The calculated fold hinge of folded poles to F2 indicate a moderate-steeply 
plunging fold hinge towards the east-southeast which is in a similar orientation to measured fold hinges 
(Figure 6.6a,b). S2 and S3 are cross-cut by northeast-southwest trending spaced foliation, northeast-
southwest quartz veins and kink-bands (F4) (Figure 6.5; Figure 6.6b). Sillimanite and biotite selvages 
around garnet are folded by F4. Shear fabrics calculated from s-c planes within foliated rock indicate 
northwest and southeast orientated shear plane and shallow to sub-horizontal shear directions (Figure 
6.6c). S-c fabrics indicate dextral movement along the shear plane (Figure 6.5).
6.3.1.1 Meta-pelite sample 216821A
Sample 216821A is from within the sillimanite-garnet gneiss (Figure 6.5). The mineralogy consists of 
feldspar, quartz, biotite, muscovite, garnet, magnetite and sillimanite with rare occurrences of individual, 
prismatic chlorite in fractured garnet. Biotite forms an elongate fabric with muscovite along S2 foliation, 
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Figure 6.5 Map of Area 1
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Figure 6.6 Stereonet plots of Area 1 structures; a) S1-S3, b)
S3-S4, c) shear plane and direction determined from S-C 
fabrics 
both of which have been crenulated by S4 (Figure 6.7b). Softer minerals such as mica form crenulation 
cleavage with angular hinges and harder minerals such as quartz form more rounded folds. Quartz is 
elongate, undulose, and asymmetrically sheared with the formation of sub-grains at quartz-quartz grain 
boundaries (Figure 6.7c and d). Feldspar is elongate, following the dominant S2 foliation and muscovite 
and biotite occur within cleavage fractures and surrounding feldspar grains. Garnet porphyroblasts 
are 200-2000 µm in size, rotated and fractured perpendicular to S2 (Figure 6.7a,b). Muscovite-biotite 
fabric curves around the garnet. Magnetite grains contain numerous inclusions and are also folded 
by the overall S2 fabric. Sillimanite fibrous crystals are 500-1000 µm in length and forms adjacent to 
garnet porphyroblasts. The fibrous crystals are crenulated by F4 and exhibit shear fabrics mirrored in 
surrounding quartz and mica (Figure 6.7c,d). 
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6.3.2 Area 2
Area 2 is located in the centre of the shear zone at 0403220E 7255600N (GDA94 Zone 50; Figure 6.8). 
The main lithological unit present within the area is biotite gneiss which includes the subunits sillimanite-
cordierite gneiss, garnet-magnetite gneiss, and magnetite-plagioclase gneiss (Figure 6.8). The boundary 
between subunits is gradational and undefined due to local variation in mineral composition and a 
lack of outcrop. Garnet-magnetite and magnetite-plagioclase subunits locally form anatectic migmatite 
layers from sub-centimetres to several centimetres which have been folded to produce ptygmatic folds in 
thick leucocratic layers (Figure 6.9). Magnetite-plagioclase gneiss contains plagioclase, biotite, quartz, 
magnetite and garnet as major mineral constituents. Garnet-magnetite gneiss forms a fine-medium 
groundmass consisting of biotite, muscovite, quartz and feldspar and <~1 mm garnet phenocrysts, ~1 
cm feldspars, <1 cm quartz, ~1 cm biotite in leucocratic bands, and magnetite phenocrysts. Sillimanite-
cordierite gneiss is darker than garnet-magnetite gneiss, with medium grained groundmass of biotite, 
muscovite, feldspar, quartz and cordierite with clasts of garnet and magnetite, < 1 mm, and dull, opaque, 
white ~3 cm long needles of fibrolite sillimanite. 
Deformation in Area 2 is dominated by an overall near vertical northwest-southeast gneissic fabric (S1), 
penetrative foliation and s-c fabric (S2) and isoclinal folding (S3) which plunges at variable angles from 
near vertical to gently plunging, towards east-northeast (Figure 6.10a). Elongate biotite and sillimanite 
Figure 6.7 Plane ploarised light images of sample 216821A in Area 1; a) deformed garnet grains with wrapping bioite-musco-
vite, b) rotated garnet and crenulated mica, c) fibrolite sillimanite deformed by S-C fabrics, d) cross-polarised light image of 
fibrolite sillimanite 
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Figure 6.8 Map of Area 2 (Map 2 and Map 1 indicated)
are lineated along the foliation plane and S-C fabric. Gneissic layering (S1), pervasive foliation (S2) 
and axial planar foliation to F3 folds are all subparallel and therefore hard to distinguish. Folding of S1 
and S2 around F3 fold axis is most evident in the field at the S3 fold hinges (Figure 6.11). A best fit fold 
profile plane through poles to S2 foliation indicates a near horizontal fold hinge to the northeast end of 
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Figure 6.9 Map 2: Close up of ptygmatic folds in bioite gneiss in Area 2
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the average foliation plane, average gneissic fabric plane and average F3 axial plane (Figure 6.10a). 
Kink bands (S4) up to 10’s of cm’s wide crenulate F3 fold limbs (Figure 6.11), oriented east-northeast-
west-southwest with steep to moderate plunging hinges (Figure 6.10b). While S4 is separated from F3 
folding, the similarity in fold hinge orientation indicated the two form a continuum (Figure 6.10a,b). 
Large open-gentle shallow-plunging to upright folds (F5) fold S1-S4 over hinge lines oriented northeast-
southwest (Figure 6.10b). Measured fold hinges are variable from gentle to near-horizontal plunging 
towards northeast to vertical (Figure 6.10b). Measured s-c fabrics indicate a dominant northwest-
southeast shear plane orientation with shear directions sub horizontal and dextral sense of movement 
Figure 6.10 Stereonet plots of Area 1 structures; a) S1-S3, b)S3-S5, c) shear plane and direction determined from S-C fabrics, d) 
brittle fractures and veins
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Figure 6.11 Map 1: close up of fold and foliation generations in Area 2
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(Figure 6.10c). Quartz veins and small leucocratic intrusions are folded by S3 but fractures and epidote 
veins cross-cut the folding at sub-perpendicular angles, in a similar orientation to F4 and F5 fold axes 
(Figure 6.10d).
6.3.2.1 Meta-pelite sample 217023
Sample 217023 is from within the sillimanite-cordierite gneiss. The mineralogy consists of quartz, 
biotite, cordierite, muscovite, andalusite, sillimanite (prismatic and fibrolite), muscovite, magnetite, a 
few small garnet grains and chlorite at the edges of biotite and cordierite. Biotite-cordierite and quartz 
form segregated layers in an elongate fabric along S2 foliation. Cordierite forms elongate sigmoidal 
shapes within biotite, defining a strong s-c fabric. Quartz is elongate, undulose, and asymmetrically 
sheared with the s-c fabric. Andalusite grains are prismatic and slightly oblique to the fabric (Figure 
6.12a). Fibrolite sillimanite at the edges of andalusite grains are elongate and deformed with S2 foliation 
and s-c fabrics, and have been regressed to chlorite (Figure 6.12b). Monazite and xenotime grains 
occur within biotite and are identifiable by their radioactive halos (Figure 6.12c). A few small garnet 
porphyroblasts are identified and are fractured and retrogressed to biotite (Figure 6.12d). S2 fabric in 
biotite is either slightly curved towards the accessory mineral grain edge or continue straight to contact 
with the grains. Elongate rutile/ilmenite grains also occur parallel to the direction of S2.
Figure 6.12 Plane polarised light images of sample 217023 in Area 2; a) Andalusite with altered edges to fibrolite and chlorite 
and prismatic sillimanite, b) fibrolite deformed by S-C fabrics also found within biotite, c) monazite grain within deformed 
biotite, d) garnet grains fractures and altered to biotite 
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6.4 Analytical methods
6.4.1 Sample characterisation
Thin sections from the two meta-pelite samples, 216821A in Area 1 and 217023 in Area 2, have been 
chosen as representative samples of peak metamorphism and deformation. They are characterised to 
assess the relationships between mineralogy, texture and structure so that dating of accessory minerals 
and P-T estimates can be directly related to deformation events and metamorphic assemblages.
6.4.1.1 TIMA phase maps 
Phase maps of metapelite thin section samples 216821A and 217023 were acquired using the TESCAN 
Integrated Mineral Analyser (TIMA) in the John De Laeter Centre, Curtin University, WA. The TIMA 
uses four silicon drift EDX (Energy Dispersive X-ray) detectors and a YAG scintillator BSE detector 
to rapidly acquire characteristic x-ray information and assign phases to individual grains using atomic 
number contrast (ANC) imaging. Analysis type ‘Liberation Analysis’ and ‘High resolution mapping 
mode’ were used with a beam energy of 25 KeV, spot size at around 50 nm and a working distance of 
15 mm. Thin section maps were produced with a 20 µm pixel size and each map took between 50 and 
70 minutes to complete. Collected EDS (Energy-dispersive X-ray spectra) were calibrated to known 
mineral spectra held within an in-house database of minerals a database within the software. Areas 
where no mineral matches could be obtained are left black (Figures 6.1S and 6.2S). 
6.4.1.2 Back-scatter electron (BSE) maps of accessory phases
Scanning electron microscopy (SEM) analyses were carried out on a Tescan Mira3 at the John de Laeter 
Centre at Curtin University. Thin section sample 217023 was polished using 1 µm diamond polish 
before a chemo-mechanical polish with 0.06 µm colloidal silica, and then coated with a thin layer of 
carbon (~5nm). ANC imaging of the sample was collected at 20 kV, spot size 14 nm, a working distance 
of 10 mm, and a dwell time of 10 µs (Figure 6.3S). Individual grain BSE maps of monazite, xenotime 
and rutile in sample 217023 were collected at high magnification using an accelerating voltage of 15 kV, 
spot size 10 nm, a working distance of 10 mm, and a dwell time of 15 ms.
6.4.1.3 Electron back-scatter diffraction (EBSD) analysis
EBSD and EDS analysis of thin section sample 217023 was carried out simultaneously on a Tescan 
Mira3 at the John de Laeter Centre at Curtin University. Compositional and crystallographic information 
were collected simultaneously, using Aztec software. Electron backscatter diffraction patterns (EBSPs) 
and energy dispersive X-rays (EDS) were collected using an acceleration voltage of 20 kV, spot size 
14 nm, at a working distance of 21.9 mm, with the sample tilted at 70°. EBSPs where collected at a 
step size of 1.8 µm and a Hough resolution of 60. EBSD camera settings include binning mode at 4x4, 
an exposure time of 18 ms, camera gain of 1 and frame averaging at 1. The collected EBSPs were 
compared to theoretical patterns and assigned a phase by matching at least 8 bands. The mean angular 
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deviation (MAD) was below 1° for most phases indicating a high degree of fit between theoretical and 
empirical EBSPs. Aztec Channel 5 “Tango” and “Mambo” software was used to perform data reduction 
and display orientation data in map view and lower hemisphere equal area projections. Noise reduction 
of the EBSD data was undertaken using standard wildspike and a single iteration of a four-neighbour 
zero solution correction (Reddy et al. 2007). Grain boundaries are defined by a misorientation angle of 
10°. Date is reported with respect to assigned x-y coordinate framework horizontal and vertical to the 
samples surface which has been cut perpendicular to foliation and parallel to lineation.
6.4.2 In situ simultaneous acquisition of U-Pb ratios and trace elements in monazite, xenotime 
and rutile
Monazite, xenotime and rutile grains in Sample 217023, Area 2, were analysed in situ for U-Pb ratios 
and trace elements over two runs at the LA ICP-MS split-stream (LASS) facility, The University of 
Santa Barbara, USA. Full methodology and background to the split-stream technique is described by 
Kylander-Clark et al. (2013).
Spot analyses on monazite and xenotime used a pulse frequency of 3 Hz, a beam fluence of 3 Jcm-
2, and ablated a spot size of 8 µm. Isotopes Pb207, Pb206, Pb204, U235, U238, Th232 were measured by a 
Nu Instrument HR Nu Plasma multi-collector over an ablation time of 13 seconds for each analysis 
(Table 6.1). Trace elements P31, Si28, Ca44, Sr88, Y89, Zr90, La139, Ce140, Pr141, Nd146, Sm147, Eu153, Gd157, 
Tb159, Dy163, Ho165, Er166, Tm169, Yb172, Lu175, Th232, U238 were measured simultaneously by an Agilent 
7700x quadrupole with an ablation time of 14 seconds (Table 6.2). Standards FC1, Moa, Stern, treb and 
44069 were measured at the start and end of the monazite and xenotime run and Stern and 44069 were 
measured after every seven unknowns throughout the run. Individual analyses were corrected using 
different isotope ratios including 208Pb corrected 206Pb/238U, 204Pb corrected 206Pb/238U and 204Pb corrected 
207Pb/206Pb. Isotopic ratios are plotted on Tera–Wasserburg concordia diagrams and weighted means 
were calculated. Rare earth elements are normalised to chondrite values (McDonough and Sun 1995). 
Weighted averages for primary standard 44069 are calculated for 207Pb/206Pb = 425±8.9Ma (2 sigma, 
MSWD = 0.30) compared with published values of 424.86±0.36 (2 sigma, MSWD = 1.06) from TIMS 
analysis (Aleinikoff et al. 2006).
Spot analyses on rutile used a pulse frequency of 4 Hz, a beam fluence of 5 Jcm-2, and ablated a spot 
size of 25 µm. Isotopes Pb207, Pb206, Pb204, U235, U238, Th232 were measured by the Nu Instrument HR Nu 
Plasma multi-collector over an ablation time of 14 seconds. Mass-bias and instrumental drift corrections 
were carried out using the common standard-sample-standard bracketing method, including rutile 
standards 9826J and R10 (Luvizotto et al. 2009) measured after every seven unknowns and BHVO 
(Kent et al. 2004), R10, and zircon standard 91500 (Goolaerts et al. 2004) measured at the start and end 
of the run. Individual analyses were corrected using different isotope ratios including 208Pb corrected 
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206Pb/238U, 204Pb corrected 206Pb/238U and 204Pb corrected 207Pb/206Pb using Iolite software (Paton et al. 
2011). Weighted averages for primary standard R10 are calculated for 206Pb/238U = 0.1851±0.0012 
(2 sigma, MSWD = 1.7) and 207Pb/206Pb = 0.07605±0.00038 (2 sigma, MSWD = 1.5) compared with 
published values of 0.18452±0.00065 207Pb/206Pb and 0.075804±0.000187 (Luvizotto et al. 2009). 
Trace elements Ti49, Mg24, Si28, Sc45, V51, Cr52, Mn55, Fe56, Y89, Zr90, Nb93, Mo95, Sn118, Sb121, Hf178, Ta181, 
W182, U238 were measured simultaneously by an Agilent 7700x quadrupole with an ablation time of 
14 seconds (Table 6.2). BHVO glass standard (Kent et al. 2004) was used as a calibration standard 
and to correct for instrumental drift, mass bias and elemental fractionation. Internal standardisation 
was done stoichiometrically assuming 100% TiO2 with post-acquisition processing carried out using 
Iolite software (Paton et al. 2011). This assumption is valid as most of the measured element yield 
concentrations of <1% with exception of Fe. The relatively high proportion of Fe (as well as Mg) is here 
attributed to Fe-rich (ilmenite) inclusions and chlorite that could not be avoided in some instances due 
to finely undergrown nature of rutile, ilmenite and chlorite (Figure 6.14). Uncertainties on individual 
measurements are cited at 2σ level and include the internal uncertainties associated with counting 
statistics only.
6.4.3 P-T modelling of metapelite samples
Perplex 6.7.9 (Connolly and Petrini 2002; Connolly 2009) was used to model two sillimanite-bearing 
metapelite samples from both areas for changes in mineral assemblages over a range of pressures and 
temperatures. Rock compositions for each sample (Table 6.3) were obtained by whole-rock x-ray 
fluorescence (XRF) major element analysis completed at Franklin and Marshall College, Pennsylvania, 
USA. Whole rock samples were crushed so that the rock powders pass through an 80 mesh sieve. 
The samples were analysed for major elements, loss on ignition (LOI) and Fe2+. The methodology of 
XRF analysis is available from the Franklin and Marshall College, XRD and XRF Laboratory website 
(Frankline and Marshall 2017).
Perplex models are created in the MnO-Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-O2-TiO2 system with 
H2O as a saturated phase component. Equilibrium phase relations are computed at 500-700°C and 1-6 
kbars, respectively, based on calculations from (Holland and Powell 2011). Each model uses solid 
solution end member thermodynamic datasets from Holland and Powell (2003), White et al. (2000), 
and White et al. (2014). 
6.5 Results
6.5.1 Characterisation of mineral assemblages and accessory phase textures in metapelite samples 
TIMA maps for each sample are presented in Figures 6.1S and 6.2S. Sample 216821A from the sillimanite-
Table 6.1 (previous page): U-Pb isotopic data for monazite and xenotime (no consistent ages were disenable from rutile 
analysis)
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garnet-magnetite biotite schist unit in Area 1 contains 37% quartz, 27% biotite, 17% muscovite, 10% 
garnet, 4% plagioclase, ~1% magnetite, ~2% andalusite and sillimanite and well as some cordierite, 
monazite, zircon, ilmenite, rutile and chlorite. Sample 217023 from the sillimanite-cordierite gneiss in 
Area 2 contains 50% quartz, 25% biotite, 15% cordierite, 3% chlorite, 1% sillimanite-andalusite, <1% 
magnetite as well as some garnet, muscovite, apatite, rutile, ilmenite and zircon. Whole rock major 
oxide compositions of each sample are presented in Table 6.3.
Monazite and xenotime grains in sample 217023 are subhedral-anhedral, rounded and largely 
homogenous, with only some grains exhibiting zoning when the image contrast in enhanced (Figure 
6.13). Elongate grains form along the S2 foliation and equant grains also form within the fabric with 
Figure 6.13 Monazite (a-e) and xenotime (f-h) textures and relationship with surrounding fabric. Contrast changed in h) to show 
zoning with xenotime grain. Spot analyses locations and ages indicated.
Sample 216821A 217023
SiO2 57.90 67.50
TiO2 0.83 0.67
Al2O3 18.11 13.36
Fe2O3T 10.99 9.32
MnO 0.73 0.15
MgO 5.24 5.69
CaO 0.33 0.16
Na2O 0.64 0.28
K2O 5.39 2.69
P2O5 0.05 0.08
Total 100.21 99.90
LOI 2.49 2.47
Fe2O3 2.53 2.56
FeOT 9.88 8.38
O2 1.27 1.28 Table 6.3 XRF whole-rock compositions used for P-T modelling
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only slight bending of biotite cleavage around the grains. Rutile grains are elongate grains strung out 
along the shear fabric (Figure 6.14). They form predominantly in biotite but also at the edges of biotite, 
in quartz. Rutile shows no composition zoning in ANC images but the grains are brecciated with chlorite 
matrix and in some instances, have slithers of ilmenite at the grain edges indicating ilmenite has broken 
down to rutile and chlorite. 
EBSD-EDS analysis of Al2SiO5 minerals has identified the dominant aluminium-silicate as andalusite 
but has also identified prismatic sillimanite at the grain edges of an andalusite grain (Figure 6.15a,b). 
Pole figures indicate that axis parallel to <001> in both grains (Figure 6.15d,e) are similarly orientated. 
Misorientation analysis of andalusite data show a systematic relationship with low-angle misorientation 
axes lying parallel to <001> (Figure 6.15c,f).
6.5.2 U-Pb age constraints from monazite and xenotime in metapelite gneiss
U-Pb age data from monazite and xenotime from sample 217023 are presented in Table 6.1. Twenty 
two monazite grains provided two concordant age populations in each grain (Figure 6.13; Figure 6.16a). 
The older population in monazite records a weighted mean age of 1025±13 Ma with an MSWD of 0.2 
whereas the younger population records a weighted mean age of 927±21 Ma with an MSWD of 2.1. 
Ten xenotime grains also produced two concordant age populations in individual grains (Figure 6.13; 
Figure 6.16c). The older population in xenotime records a weighted mean age of 1093±49 Ma with an 
MSWD of 2.2 whereas the younger population records a weighted mean age of 966±29 Ma with an 
MSWD of 1.8. Both minerals produced two concordant age populations at ~1030 Ma and ~920 Ma 
illustrated by a probability density diagram (Figure 6.17).
Rutile grains did not produce any reasonable or consistent age due to the low contents of U (<3 ppm) 
and high concentrations of common lead.
Figure 6.14 Rutile textures showing alteration from ilmenite 
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Figure 6.15 a) EDS image of andalusite grains in sample 217023, collected simultaneously with b) EBSP’s showing that some 
aluminium silicate grains are prismatic sillimanite. c) misorientation angles in aluminium silicates from white spot reference 
point, black = 0°, brightest colour = 40°. Pole figures showing similar orientation of <001> axis in d) andalusite and e) silliman-
ite. Spread of misorientation angles around {001} shown in f).
6.5.3 Trace elements and temperature estimates from monazite, xenotime and rutile
6.5.3.1 Monazite-xenotime
The trace element compositions of monazite and xenotime, acquired simultaneously with U-Pb ages, 
are presented in Table 6.2 and REE profiles in Figure 6.16b and d. Monazite grains of the older age 
population (1025±13 Ma) are depleted in Y and enriched in HREE (heavy rare earth elements) relative 
to younger grains (927±21 Ma; Figure 6.17b). Older xenotime populations (1093±49 Ma) are enriched 
in Ce and LREE (light rare earth elements) but depleted in HREE relative to younger populations 
(966±29 Ma; Figure 6.16d).
Temperature estimates using Y in monazite and Gd in monazite-xenotime pairs are calculated using the 
equations and methodologies in Gratz and Heinrich (1997) and Gratz and Heinrich (1998), respectively. 
Mole fractions of Y and REE are calculated from wt.% using the molecular weights of monazite (240 
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gmol-1) and xenotime (184 gmol-1), and molecular weights of Y and REE (Table 6.1S). Temperature 
estimates from Y in monazite coexisting with xenotime are based on a miscibility gap which varies 
strongly with temperature in the equation
Where  is the mole fraction of Y in monazite, P is the pressure in kbars and T is the temperature 
in degrees Celsius (Gratz and Heinrich 1997). Estimated temperatures are 384-338°C over 1-3 kbars, 
although this must be taken as a minimum since monazite and xenotime cannot be directly related, 
and other REE-bearing minerals, such as apatite are present which will affect the concentration of Y in 
monazite. The second trace element thermometer is based on equilibrium partitioning of Gd between 
coeval monazite and xenotime (Gratz and Heinrich 1998). As with Y in monazite, asynchronous growth 
of the two accessory minerals with affect the validity of the calculation providing only a minimum 
temperature estimate. The temperature is calculated from the ratio of XGd in monazite and xenotime 
where 
in mole fraction, averaged over a number of analyses e.g. all analyses, older population >1000 Ma, 
Figure 6.16 Concordia diagrams showing two age populations for a) monazite with REE distribution in age populations b), and 
for c) xenotime with REE distribution in age populations d)
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younger population <1000 Ma. Temperature is calculated from the equation
Where  and T is in degrees Celsius. All grains averaged estimate a minimum 
temperature of ~553 °C, older populations estimate a higher temperature of ~670°C whereas younger 
populations provide an estimate of ~513 °C. Accessory phase trace element thermometers will be 
compared to P-T estimates from psuedosections based on bulk-rock composition in the discussion.
6.5.3.2 Rutile
The trace element composition of rutile in sample 217023 is presented in Table 6.2S. The concentration 
of Zr in rutile has been shown to depend on temperature (Dachille et al. 1968; Zack et al. 2004; Watson 
et al. 2006; Tomkins et al. 2007) and can be used as a thermometer of metamorphism or alteration. 
Equations from Watson et al. (2006) and Tomkins et al. (2007) have been used to provide temperature 
estimates of the alteration to rutile in the shear fabrics of sample 217023 in sillimanite-cordierite biotite 
gneiss. 
Temperature estimates range between 331-340 °C using Tomkins et al. (2007) and pressure estimates of 
2-5 kbars respectively. Temperature estimates using Watson et al. (2006) produce an average of 346 °C, 
slightly higher than Tomkins et al. (2007) at 5 kbars but similar given the likely errors introduced during 
analysis, calculation and geological error. A temperature estimate of ~330-340 °C is consistent with 
greenschist facies temperatures, broadly between 200-500 °C. Temperature estimates can be compared 
to P-T estimates in following pseudosections.
Figure 6.17 Age population density plot for monazite and xenotime 
grains showing two age populations at ~1030 Ma and ~920 Ma
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Figure 6.18 Pseudosections diagrams redrawn from Perplex for sample a) 216821A and b) sample 217023
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6.5.4 P-T pseudosections 
Subsolidus P-T pseudosections with mineral compositional isopleths for two metapelite samples from 
Area 1 (216821A) and Area 2 (217023) are presented in Figure 6.18 within the MnNCKFMASHT 
system. A melt phase is not considered due to the abundance of monazite which is likely to breakdown 
in melt regimes (Yakymchuk et al. 2017). Sample 216821A, from Area 1, contains mineral assemblage 
sillimanite-garnet-biotite-muscovite-plagioclase-quartz which are consistent with pressures above 4 
kbars and temperatures above 600°C, most likely around ~600°C and 4.5 – 5.5 kbars since sillimanite 
is in fibrolite form and not prismatic (Figure 6.18a). Sample 217023, from Area 2, contains mineral 
assemblage sillimanite-andalusite-cordierite-biotite-muscovite-quartz-magnetite-ilmenite which is 
consistent with an increase in temperature from around 610°C to 640°C in order to crystallise prismatic 
sillimanite (Larson and Sharp 2005), and pressures between 3-4 kbars (Figure 6.18b). Andalusite 
is retained in the assemblage indicating much higher temperatures or pressures were not reached. 
Destruction of garnet indicates prominent temperature increase rather than pressure. Retrograde 
reactions of cordierite and biotite to form chlorite indicate decrease in temperature to below ~560°C 
and alteration of ilmenite to rutile and chlorite can be achieved by further temperature decrease below 
~510-520°C. 
6.6 Discussion
6.6.1 Relative structural and metamorphic evolution of the Chalba Shear Zone
Overprinting structures within Area 1 and Area 2, and metapelite samples from each area, indicate a 
comparable series of events affecting the Chalba Shear Zone. Five separable structure types can be 
related to deformation events and metamorphism mineral assemblages (Table 6.4). 
Garnet is fractured, rotated and wrapped by S2 foliation defined by biotite-muscovite. Andalusite grains 
in Area 2 metapelite are oriented oblique to the S2 fabric and are metamorphosed to fibrolite aligned with 
S2 indicating that garnet-andalusite grade metamorphism predates S2 deformation. Prismatic sillimanite 
pseudomorphs onto andalusite grains retain the crystallographic orientation and they are both deformed 
around the c-axis (Figure 6.15), whereas fibrolite sillimanite follows S2 S-C fabric in both samples, 
and is crenulated by F4 in Area 1. These mineral-texture relationships indicate that an increase to peak 
temperatures producing sillimanite occurs prior to high strain S2. Gneissic fabric (S1), migmatite, 
Fabric Area 1 Area 2 
D1 Gneissic fabric (S1) Gneissic fabric (S1)
D2 WNW-ESE Penetrative foliation,S-Cfabric (S2) WNW-ESE Penetrative foliation (S2)
D3 Isoclinal folding (F3) and folding of S1 and S2 Dextral ductile shearing oriented SE-NW creating isoclinal, 
variably plunging (F3) folds and parasitic folds and axial 
planar penetrative foliation (S3), folding of S1 and S2
D4 ENE-WSW (S4) structures cross-cutting S1-S3 ENE-WSW tracing kink bands (F4) fold S2 and S3
D5 NE-SW Shallow-plunging gentle-open (F5) folds fold S1-S4
Table 6.4 Relative timing of structures and deformation events
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and ptygmatic (F3) folds in Area 2 show that high temperatures have persisted into D3-stage folding. 
Subparallel orientations of gneissic layering (S1), pervasive foliation (S2), tight and isoclinal (F3) fold 
hinges and axial planar (S3) foliation, near horizontal calculated F3 fold axis, and near horizontal shear 
directions point to continued dextral northwest-southeast deformation over the course of progressive 
high strain deformation and high temperature metamorphism (Bell 1978). Variable measured F3 fold 
hinges along S2 foliation can be caused by local heterogeneity local rotation of principle axes during 
progressive deformation (Fossen and Cavalcante 2017). 
Field observations show progressively changing orientations from F3 folds to F4 and F5 folds. Kink 
bands (F4) and large open folds (F5) show a progression from northwest-southeast trending dextral, 
strike-slip deformation to ~north-south shortening and east-west to east-northeast trending structures. 
This progressive change in stress orientation most likely reflect progressive deformation in the ductile 
shear zone (Bell 1978). Variable orientation of large-scale open (F5) folds (Figure 6.10b) may be a 
reflection of the refolding of differently orientated F3 folds. Late stage fractures and veins cross-cutting 
S3 folds point to later deformation associated with a change to more brittle deformation. Transition to 
more brittle deformation may be linked to a decrease in metamorphic grade and chlorite retrogression 
of cordierite and biotite in metapelites of Area 2. 
6.6.2 Petrochronological and P-T constrains
Monazite and xenotime in metapelite samples 217023 from Area 2 are anhedral, rounded and show a 
lack of clear zoning (Figure 6.13) indicating that they grew in higher grade conditions (Ferry 2000; Wing 
et al. 2003; Engi 2017). They form along S2 foliation in sheared biotite with some wrapping of biotite 
foliation around grains. Wrapping foliation and evidence of pressure shadows (Figure 6.13) indicates 
that growth was most likely pre-dated the main phase of pervasive foliation (D2). Therefore, the two age 
populations, an older ~1030 Ma and younger ~920 Ma population, are pre-deformation metamorphic 
ages (Figure 6.17). Weighted mean ages of each mineral indicate xenotime growth from each overall 
age population predates monazite growth expanding the age range between 1093±49 Ma for the initial 
xenotime growth and 927±21 Ma for the final monazite growth (Figure 6.16), with one analysis below 
900 Ma (Table 6.1). Overall ages are consistent with deformation associated with Edmundian Orogeny 
recorded in monazite and xenotime grains by Sheppard et al. (2007). However, ages from the two 
different minerals indicate a wider range of mineral growth. 
The texture and trace element contents of monazite, xenotime and rutile can be used to indicate prograde 
or retrograde metamorphism and link into the relative and absolute timing of events. Rounded, chemically 
unzoned monazite, similar to those in Chalba, have been recorded replacing allanite, correlating with 
the biotite-in isograd during regional metamorphism and the development of andalusite or cordierite 
(Ferry 2000), indicating that Chalba monazite represents prograde metamorphism. Zoning exposed by 
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increasing the contrast in one of the monazite grains indicates rough concentric zoning with older ages 
towards the centre and younger ages towards the edges indicating that it has grown from a single 
metamorphic episode without any redissolution (Spear and Pyle 2002). 
Monazite and xenotime both contain REE; monazite contains LREE (La-Sm) as major elements and 
xenotime contains HREE (Gd-Yb) and Y. Minor HREE (Gd-Yb) and minor LREE (Ce, Nd, Sm) 
are incorporated into monazite and xenotime, respectively, with increasing metamorphic grade and 
therefore provide an opportunity to use these elements as thermometers (Andrehs and Heinrich 1998). 
However, the composition of these minerals during growth is also affected by the coeval growth of 
other YREE-bearing minerals, including xenotime, monazite, apatite and garnet. REE and Y can be 
sourced from the breakdown of allanite or from the recrystallization of major phases such as plagioclase 
and sheet silicates (Grauch 1989; Franz et al. 1996; Kohn and Malloy 2004). Xenotime in sample 
217023 incorporates more LREE, more Ce, and less HREE into older age populations (Figure 6.16b,d) 
indicating higher grades during growth or the breakdown of LREE-minerals such as apatite (Gratz and 
Heinrich 1998). Monazite in sample 217023 incorporates higher HREE in the older grain cores (Figure 
6.16a,c) indicating that they formed at higher grade metamorphism or during breakdown of garnet or 
xenotime, which preferentially take in HREE (Engi 2017). The opposite trends between the two grains 
indicate that their chemistry has been affected by the growth of the other mineral. Later overgrowth 
incorporating more Y in the monazite grains (Figure 6.16a) has been demonstrated by Engi (2017) 
who interpreted the increase in Y as monazite growth in garnet absent assemblages or monazite formed 
during cooling (Kohn et al. 2005). Neither monazite nor xenotime can be texturally related to garnet 
making it difficult to interpret the change in REE and Y with respect to the growth or breakdown of 
garnet. However, the small grains of garnet seen in the section are spatially associated with biotite, 
indicating that the breakdown of garnet at high temperature may still be a significant source of Y and 
HREE. 
Figure 6.19 Trace elements in rutile are consistent with metapelitic rocks (a) but do not indicate likely ore (b). 
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Partial melting of metapelitic and metapsammitic protolith may lead to the dissolution of most 
monazite therefore the abundance of monazite in sample 217023 indicates subsolidus metamorphism 
(Yakymchuk et al. 2017). If no melt has occurred, monazite may record maximum temperatures (Kohn 
et al. 2005). In Y-zoned monazite, areas of high Y are better candidates for thermometry because a 
change to Y-depleted indicates growth in Xenotime-absent assemblages (Engi 2017). This would 
suggest a higher temperature of 670°C, determined from Gd thermometer in monazite and xenotime 
(Table 6.4) correlates with high temperature prismatic sillimanite growth (Larson and Sharp 2005). 
Lower temperatures (513°C) during growth of the younger population agrees with falling temperatures 
after peak sillimanite growth which may tie into a change to fibrolite over prismatic sillimanite. The Y 
in monazite thermometer indicates very low temperatures (<350°C) indicating that the Y-depletion has 
affected the Y composition in monazite making it unsuitable for temperature estimates. 
Pressure and temperature estimates using the bulk composition of metapelites from Area 1 and 2 
indicate a similar temperature of fibrolite growth around 590-640°C in both areas but higher pressure 
in Area 1, around 5 kbars as opposed to 3-4 kbars in Area 2 (Figure 6.18). Earlier prismatic sillimanite 
growth in Area 2 is more likely to have occurred >640°C (Larson and Sharp 2005) but the retention 
of andalusite indicates that very high temperatures were not achieved. The breakdown of garnet and 
growth of sillimanite indicates an increase in temperature from <600°C with minor increase in pressure 
resulted in the prograde metamorphic assemblage biotite-muscovite-cordierite-magnetite-ilmenite-
sillimanite-quartz. Retrogression of biotite to chlorite occurred with a drop in temperature under ~560°C 
and breakdown of ilmenite to rutile. Chlorite occurs as temperatures continue to drop below ~530°C 
(Figure 6.18b). Some authors suggest that below 550°C, monazite breaks down (Ferry 2000; Pyle et al. 
2001; Spear and Pyle 2002) but this temperature may be lower in rocks with low Ca (Franz et al. 1996; 
Spear and Pyle 2002), as in sample 217023. 
The texture of rutile indicates that it formed from the breakdown of ilmenite to rutile and chlorite 
during shearing and deformation, which has been documented by other authors in low-medium grade 
metasedimentary rocks (Meinhold 2010). The rutile formed is very low in U content (<3 ppm) and 
does not produce any meaningful ages. However, the trace element composition may provide useful 
information about the metamorphic conditions of growth which can be compared to the retrograde 
reaction show by P-T bulk composition estimates (Figure 6.18b). Zirconium in rutile has been used as a 
thermometer due to the dependence of incorporation on temperature and pressure (Watson et al. 2006; 
Tomkins et al. 2007; Meinhold 2010). The content of Zr in rutile from sillimanite-cordierite gneiss 
produced a temperature range from 311-346 °C, within a pressure range of 2-5 kbars, using equations 
from Watson et al. (2006) and Tomkins et al. (2007). Temperature estimates from rutile thermometry 
are much lower than bulk-rock composition estimates at <530°C (Figure 6.18b) indicating the alteration 
from ilmenite to rutile may also have affected the incorporation of Zr into rutile, as it has with U, and 
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are underestimating the temperature of rutile formation.
 
Anomalous trace elements in rutile have been used to infer proximity to ore, mantle sources and 
precursor rock type (Meinhold 2010). Rutile in sillimanite-cordierite gneiss incorporates higher Nb that 
Cr, with the majority of analyses indicating concentrations >800 ppm which is interpreted to show a 
pelitic origin of rutile (Figure 6.19a), agreeing with the aluminous mineral assemblage of the rock (Zack 
et al. 2004; Meinhold et al. 2008). A plot comparing Ti, Fe, Cr, V, Sn and W concentrations (Figure 
6.19b) does not indicate any proximity to gold (Clark and Williams-Jones 2004).
Sheppard et al. (2007) linked the Edmundian aged (1030-950 Ma) accessory phases to prograde 
assemblages in metapelite, of staurolite-garnet-andalusite-biotite-muscovite-quartz at temperatures of 
500-550°C and 3-4 kbars. Our work indicates that these ages are consistent with andalusite-sillimanite-
cordierite-biotite-muscovite-quartz assemblages decreasing in temperature from 640°C to 610°C, 
between 3-4 kbars, followed by high strain shearing. 
6.7 Regional integration of Chalba Shear Zone deformation and metamorphism 
Structural, petrochronological and P-T analysis of metapelite in the central Chalba Shear Zone has 
defined a period of progressive deformation that contain three distinct metamorphic events followed by 
retrograde metamorphism. The early metamorphic garnet- and andalusite-bearing assemblages identified 
here at <600°C and 3-4 kbars, pre-date sillimanite growth with xenotime-monazite. They may correlate 
with preserved M1e garnet and staurolite porphyroblasts, found outside the shear zone and in in a belt 
following and south of the Ti Tree Fault Zone, during D1e N-S shortening in the Edmundian Orogeny 
(Sheppard et al. 2007; Johnson et al. 2010; Piechocka et al. 2017). Peak temperature metamorphism 
producing sillimanite (>640°C, 3-4 kbars) at 1093±49 Ma for xenotime and 1025±13 Ma for monazite. 
The following lower temperatures (600-640°C, 3-4 kbars) forming fibrolite are correlated with the 
younger age populations of 966±29 Ma for xenotime and 927±21 Ma in monazite. The deformation 
folding fibrolite formed later indicating that the main stage of dextral strike slip shearing is post 
Edmundian Orogeny, or that deformation associated with the Edmundian Orogeny continued after 
the current constrain of ca. 950 Ma (Sheppard et al. 2007; Sheppard et al. 2010b). Despite this, the 
orientation of strain and the evolution from pervasive foliation to upright tight folds, crenulation then 
open folds, in this study is similar to D1e-D3e recognised as Edmundian-aged deformation (Sheppard 
et al. 2010b). The oldest xenotime population in this study at 1093±49 Ma is within error of older 
magmatic events affecting Western Australia (Wingate et al. 2004) indicating that early magmatism 
and high-grade metamorphism associated with the Edmundian Orogeny may be in continuum with 
earlier regional events. Mica dated between c. 960-820 Ma in the Errabiddy Shear Zone (Occhipinti and 
Reddy 2009), monazite ages of c. 1030-899 Ma in high temperature leucocratic intrusions of the Thirty 
Three Supersuite in the Ti Tree Shear Zone (Piechocka et al. 2017), and lower-grade metamorphic 
ages presented here (927±21 Ma) indicate that the Edmundian Orogeny also persisted to much later 
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than previously recognised. Localisation of deformation and high temperature magmatism along shear 
zones in the Gascoyne Province (Piechocka et al. 2017), including the Chalba Shear Zone in this study, 
indicate that significant melting of meta-igneous and meta-sedimentary rocks within the shear zones 
is likely. S-type granite, pegmatites, metapelites and associated alteration are likely environments for 
high temperature mineralisation reflected in the Mo-W and gemstone occurrences along the shear zone 
(Figure 6.1).
6.8 Conclusion
The Chalba Shear Zone record a complex set of deformation and metamorphic event that can be 
distinguished using a combination of structural analysis, P-T modelling and accessory mineral 
petrochronology. 
•	 Five events are recognised that indicate progressive rather than punctuated change between 
each event. The first set of events (D1-D3) show a dominant dextral, strike-slip movement 
along a west-northwest to east-northeast ductile shear zone. Following events (D4-D5) indicate 
rotation to more north-south shortening along with change to more brittle deformation.
•	 A series of metamorphic events are associated with changes in mineral assemblages that show 
a progression from peak metamorphism, through cooling. An increase in temperature from 
below ~600 to >640°C (3-4 kbars) produces prismatic sillimanite pseudomorphs on andalusite, 
which are later deformed. Fibrolite sillimanite forms at ~600-640°C and later retrogression of 
biotite, by chlorite, is accompanied by cooling below ~560°C, followed by ilmenite breakdown 
to rutile at ~530°C.
•	 U-Pb dating of metamorphic monazite and xenotime, which predate main deformation 
(D2), indicate a series of ages from 1093±49 Ma in oldest xenotime, 1025±13 Ma in oldest 
monazite, 966±29 Ma in youngest xenotime to 927±21 Ma in youngest monazite. Trace 
element compositions from the different age populations indicate older ages correlate with 
peak metamorphic temperatures and prismatic sillimanite whereas younger populations most 
likely grew on the cooling path and may relate to fibrolite growth.
•	 Deformation and metamorphism in the Chalba Shear Zone is consistent with the Edmundian 
Orogeny, also recognised in the Errabiddy Shear Zone to the south, the Ti Tree Shear Zone to 
the north and far-field metamorphic, magmatic and tectonic events associated with the assembly 
of Rodinia. High temperature, associated magmatism and localisation of deformation and heat 
into large-scale structures like the Shear Zone is likely to correlate with high temperature 
magmatic deposits such as Cu-Au, Mo-W and gemstones, suggested by recent work and 
occurrences of these metals along the shear zone
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Conclusion and summary of key outcomes
This overall aim of this thesis is to improve the prospectively of the Capricorn Orogen through better 
understanding of its complex mineral systems as well as improving geochemical techniques for 
identifying the chemical signature of the deposits. This thesis has developed a workflow using field 
structural and geological observations, petrographic characterisation of samples, and targeted whole 
rock and in situ geochemical analysis. The workflow can be used to geochemically characterise a deposit, 
and relate the chemistry to petrology and structure. In addition, several geochemical markers have been 
identified that may be used as ‘footprints’ of mineralisation. The following discussion outlines the key 
outcomes of this study in answer to the specific aims described in the introduction, and describes the 
contribution to the prospectively of the Capricorn Orogen. 
Distribution of trace elements between multiple ore and gangue minerals and implications for 
development and use of pathfinder elements. 
Few studies have looked into the distribution of trace elements when several ore phases grow together 
and little is known about the effect of this on pathfinder elements. This study has shown that the 
distribution of trace elements into coexisting minerals is primarily due to cation size and ionic charge of 
elements in the mineral, affecting substitution, and the availability of elements that can be incorporated 
into the mineral. This indicates that the mineralogy is the dominant control of ore or pathfinder elements 
in polymetallic assemblages. Despite this, the ratios and correlations between some trace elements, 
and elements hosted in inclusions, reflect important information about the major cations in the fluid, 
or the host rock, and the environment of precipitation. Trace elements in a zoned polymetallic vein at 
Abra are used to show host-rock buffering involving an initially reducing, acidic fluid evolving over 
the course of fluid rock reactions, creating mineral trace element zonation in pyrite and dolomite, and 
an increasingly alkaline ore assemblage into the host rock. Antimony has been identified as the most 
significant pathfinder element for the ore-metals, particularly Au and Ag, whereas As and Co/Ni in 
pyrite, commonly used in the literature are not useful pathfinders for Au and Ag in vein mineralisation, 
but still indicate high Au in host rock pyrite. Antimony has also been identified as a potential pathfinder 
at Abra and Prairie Downs, at the deposit-scale, whereas As is also variable indicating that Sb has 
potential as a more local to regional scale pathfinder. 
This study has also identified chlorite as a potential indicator mineral. Trace element analysis of vein 
and host rock chlorite associated with base-metal sulphide mineralisation along the Prairie Downs Fault 
indicates that chlorite associated with more felsic or crustal rocks incorporate associated trace elements 
including immobile Zr, Ti and Y, felsic K and Rb and crustal Li, S, As, Rb and Sb. On the other hand, 
chlorites associated with volcanogenic, intrusion and seawater related fluids incorporate very high Zn, 
Co, Ba, V, Mn and Pb. Furthermore, the different trace element assemblages in chlorites can be related 
to REE profiles in carbonate and difference in sulphide assemblages that, together, have been used in 
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this study to suggest the environment of mineralisation at Prairie Downs. Chlorite is ubiquitous in many 
geological environments and, as shown in this study, can incorporate a variety of metals in response 
to ore forming conditions, highlighting an important target for future research into development as 
indicator minerals. 
In situ techniques and applications for the geochemical and petrochronological characterisation of ore 
and accessory minerals. 
In situ techniques are employed to place geochemical observations and interpretations into a geological 
context. Targeted analysis of populations of grains; for example, different ore mineral assemblages, 
grain textures or metamorphic grains, enables different events within complex systems to be identified. 
The Abra deposit has been reworked over multiple events. Individual fluid events can be distinguished 
by using in situ SIMS analysis of oxygen in quartz grains. Analysis of quartz cement, detrital, vein 
and recrystallised quartz with sulphides has determined surface derived (δ18Of <5 ‰) and formation 
waters (δ18Of 0-9 ‰) as the dominant fluids at Abra. In situ sulphur isotopes compositions of pyrite 
and chalcopyrite (δ34S ~25 ‰) point to a similar source of sulphide derived from reduction of sulphate, 
without any evidence for magmatic components. 
In situ LA-ICPMS analysis in a range of pyrite grains at Abra, distinguishes trace element signatures 
common in sedimentary-diagenetic pyrite (Pb, As, Ti, Ba, Mn, Tl, Au), massive replacement pyrite in 
stratiform metalliferous zone (Cu, Pb, Zn) and two dominant sets of vein pyrite; magnetite-chalcopyrite-
pyrite veins, mostly within the lower potions of the stockwork zone (Pb, Bi, Se, Ni, Mn) and galena-
chalcopyrite-pyrite veins, mostly within the upper portions of the stringer zone (Cu, Ni, As, Au, Pb, Zn). 
Enrichments in some pyrites of Bi-Au or Cu-As-Au could indicate magmatic input, although evidence 
from the deposit geology or stable isotope analysis is scarce. 
The LA-ICPMS split stream technique enables both geochronological and geochemical analysis to 
be recorded in situ, simultaneously. Using this technique, the two age population in metamorphic 
monazite and xenotime (ca. 1030 Ma and ca. 920 Ma) have been related to peak metamorphism forming 
prismatic sillimanite and later cooling and fibrolite growth. Monazite and xenotime grain texture and 
relationship with biotite indicates the high temperature metamorphism occurred before deformation. 
High temperatures and high strain deformation has implications for the formation and channelling of 
melt into the shear zone which may mobilise ore metals. 
Integration of geochemical and structural data to evaluate the fluid evolution and deformation within a 
regional tectonic framework of the Capricorn Orogen
The integration of whole rock element and isotopic composition at Abra has highlighted the significance 
of multiple drives of hydrothermal fluid flow facilitated by regional tectonics. Meteoric, seawater and 
formation waters have circulated and mixed with sulphide in the sediments during sedimentation-
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diagenesis associated with the late response to the 1820-1770 Ma Capricorn Orogeny and the 1680-
1610 Ma Mangaroon Orogeny and subsequent brittle deformation and basin inversion associated with 
1280-1250 Ma Mutherbukin Event and the 1030-955 Ma Edmundian Orogeny. Magmatic input, either 
metals, fluids or heat cannot be ruled out particularly taking into account the spatial association of 
Tangadee Rhyolites, hydrothermally altered at ~1235 Ma, other felsic rocks, and 1465-1449 Ma and 
1070 Ma dolerite suites. 
The combination of mineralogy, trace element analysis and field/core observations is combined in this 
study to evaluate the differing conditions of ore precipitation associated with Prairie Downs Fault. 
Sphalerite-galena-chalcopyrite-pyrite ore assemblages at Prairie Main Load indicate that conditions are 
acidic to near-neutral and reducing; high Sn and Fe/Zn, Cd/Fe and Co/Ni ratios in sphalerite point to 
high temperatures (>250°C) and chlorite trace elements point to felsic and crustal material. Sphalerite-
galena-bornite-chalcocite-barite assemblages at Wolf Prospect indicate acidic, oxidising conditions; 
high Se in sphalerite and galena, and Fe/Zn, Cd/Fe and Co/Ni ratios in sphalerite point to a mix of 
volcanogenic, sedimentary and seawater involved in mineralisation. Moreover, Al+Mn and Ti+V in 
V-rich hematite indicates intrusion related mineralisation. The Fault Zone at Prairie Downs, including 
extensional structures, sediment infill and folding, may represent a fault jog or relay in the regional E-W 
trending fault system. Further study should use dating methods to link sulphide, V-hematite and Zn-
chlorite mineralisation at Prairie Downs in the framework of tectonic activity in the Capricorn Orogen. 
Field-scale structural and kinematic analysis integrated with P-T modelling and petrochronological data 
placed high temperature metamorphism and high strain deformation in the Chalba Shear Zone with 
the 1030-650 Ma Edmundian Orogeny. The Edmundian Orogeny has been linked to high temperature 
metamorphism, magmatism and hydrothermal events in other areas of the Capricorn Orogen, including 
Abra in this study, indicating that it is an important event in mobilisation of potential ore fluids.
Identify geochemical or structural markers of mineralisation that may be used as distal footprints
The work in this thesis has highlighted several geochemical or structural aspect that may be useful for 
the detection of hidden or undiscovered ore:
•	 The Irregully Formation siltstones are identified as a significant source of metals including Pb 
and Zn and it is host to trace element rich sedimentary pyrite (Pb, As, Ti, Ba, Mn, Tl, Au). In 
addition, ore minerals and trace element zoning in the deposit indicates a zone of Cu, Bi and 
Au enrichment in the lower Irregully Formation. The combination of trace metal rich siltstone 
below coarse sandstones, capped by oxidising hematite-rich chert may have provided the ideal 
environment for metal entrapment, indicating that similar facies should be targeted along the 
E-W bounding faults in the Edmund Basin. 
•	 Alteration due to hydrothermal activity at Abra has created decreasing whole rock δ18O values 
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in the deposit which may be used as a tool for exploration in similar sediment-hosted base-
metal deposits.
•	 In situ analysis of sphalerite populations at Prairie Downs has highlighted a relationship between 
the colour of sphalerite, coexisting sulphide assemblage, and relative order of formation that 
can be used to target Au rich sulphides at the deposit.  
•	 Chlorite and carbonate with elevated Zn, Co, V, Mn, Ba, Pb is associated with V-hematite and 
Zn-Pb-Cu sulphide mineralisation along the Prairie Downs Fault Zone indicating that these 
minerals may be useful as indicator minerals for base-metal mineralisation
•	 Sb consistently correlates with Au in pyrite whereas other potential pathfinder elements (As, 
Bi, Tl) vary, indicating Sb is an important pathfinder to identify Au in base metal deposits.
•	 The Edmundian Orogeny has resulted in higher temperature metamorphism along the Chalba 
Shear Zone, compared to the surrounding host rocks, and the orogeny is linked to hydrothermal 
fluid flow at Abra. Similar ages associated with magmatism, deformation and hydrothermal 
activity across the Capricorn Orogen indicate that reworking and localisation into structures 
during the event may influence channelling of ore fluids into structures.
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